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NOTE  TO  THE  FOURTH  EDITION. 


TN  this  edition  much  new  matter  appears  in  the  additional 
chapter  on  the  practical  application  of  the  science 
and  in  the  appendix.  For  most  of  this  Dr.  R.  H.  Jude 
is  responsible.  These  additions,  it  is  hoped,  will  bring 
the  work  quite  up  to  date. 

As  in  the  first  edition,  the  scope  of  the  work  is 
still  of  a  strictly  elementary  character,  but  the  author 
hopes  that  readers  will  find  in  it  a  suitable  foundation 
for  a  more  detailed  and  advanced  study  of  the  science. 

October,  1899. 
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Text-Book  forms  a  companion  volume  to  my 
Text-Books  of  Heat  and  Light,  and,  like  them,  is 
primarily  written  for  the  use  of  candidates  for  the 
Matriculation,  Intermediate  Science,  and  Preliminary 
Scientific  Examinations  of  the  University  of  London. 
The  articles  dealing  with  subjects  outside  the  requirements 
of  the  Matriculation  Examination  are  marked  with  an 
asterisk,  and  may  be  omitted  by  students  preparing  for 
that  examination,  or  -by  readers  desirous  of  taking  an 
elementary  course.  The  treatment  of  the  subject  through- 
out is,  however,  of  a  strictly  elementary  character,  and  the 
book  will,  I  hope,  be  found  suitable  for  general  use  as  an 
elementary  introduction  to  the  study  of  electrical  science. 

I  have  to  acknowledge  the  help  of  Mr.  W.  P.  Winter, 
B.Sc.,  in  the  preparation  of  diagrams  and  in  the  revision 
of  the  proofs. 

I  shall  feel  indebted  to  all  readers  who  may  be  kind 
enough  to  communicate  to  me  any  errata  which  they  meet 
with,  or  any  suggestions  which  occur  to  them. 

E.  W.  S. 

September  27th,  1892. 
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PAET   I. 
ELECTROSTATICS. 

CHAPTER  I. 
ELECTRIFICA  TION. 

1.  Introductory.  If  a  piece  of  sealing  wax  be  lightly 
rubbed  with  a  piece  of  flannel  it  acquires  the  peculiar 
property  of  being  able  to  attract  light  bodies,  such  as  cork 
dust,  fine  shreds  of  paper,  pieces  of  pith,  and  other  similar 
objects.  Many  other  substances  beside  sealing  wax  exhibit 
this  property,  and  Thales  of  Miletus,  who  lived  about  600  B.C., 
mentions  amber  as  one  of  these.  It  is  probable  that  amber 
and  jet  were  the  only  substances  known  by  the  ancients  to 
possess  this  property,  and  it  was  not  until  the  year  1600  A.D. 
that  Dr.  Gilbert,  physician  to  Queen  Elizabeth,  showed  by 
experiment  that  many  other  substances  are  similarly  affected 
by  friction.  Such  substances  he  called  electrics,  from  the 
Greek  word  for  amber  (elektron),  and  since  his  time  the 
name  "  electricity  "  has  been  applied  to  the  agent  to  which 
these  and  other  electrical  phenomena  are  due.  An  electric, 
when  excited  so  as  to  be  capable  of  exercising  this  property 
of  attraction,  is  said  to  be  electrified  or  charged  with 
electricity.  The  question  as  to  the  real  nature  of  this  agent, 
electricity,  need  not  here  be  discussed,  for  we  shall  be 
chiefly  concerned  with  simple  experimental  facts;  but  the 
Vaf.  1  1 
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student  cannot  too  soon  learn  that,  unlike  heat,  light,  and 
sound,  electricity  is  not  in  itself  a  form  of  energy  ;  nor  is  it 
a  form  of  matter  in  the  ordinary  meaning  of  the  term.  In 
the  past,  men  of  science  were  led  to  consider  electricity  as 
a  subtle  material  fluid,  and  the  nomenclature  of  the  subject 
is  based  on  the  fluid  theories  then  framed.  This  nomencla- 
ture is  still,  in  some  measure,  retained,  but  the  theories 
have  been  abandoned  in  their  original  terms  to  reappear 
in  a  new  bearing  but  in  a  very  similar  form.  Remembering 
this,  the  student  will  be  prepared  to  read  of  the  "  flow  "  of 
electricity  without  assuming  that  any  material  fluid  theory 
is  thereby  endorsed,  and  he  will  ultimately  find  that  the 
mode  of  thought  and  language  acquired  is 
readily  adapted  to  the  more  modern  views  of 
the  science. 

2.  Attraction  of  Neutral  Objects  by  Elec- 
trified Bodies.  This  simple  phenomenon 
derives  importance  from  the  fact,  already 
mentioned,  of  its  being  the  starting-point  of 
electrical  science.  It  supplies  the  simplest 
method  of  testing  whether  a  body  is  electrified 
or  not ;  and  until  we  are  able  to  employ  more 
satisfactory  methods  we  shall  consider  this  a 
sufficient  test  of  electrification. 

If  a  rod  of  sealing  wax  be  lightly  rubbed 
with  warm,  dry  flannel  or  fur,  and  then 
held  near  a  few  pith  balls  or  other  light  objects,  it  will 
be  found  to  attract  them  strongly.  A  rod  of  ebonite 
rubbed  with  fur,  or  a  glass  rod  or  tube  rubbed  with 
silk,  will  be  found  to  exercise  a  similar  attraction. 
These  substances  are  therefore  said  to  be  electrified  and, 
by  experimenting  in  a  similar  way,  it  will  be  found 
that  many  substances  can  be  electrified  by  friction  with 
a  suitable  rubber.  In  practice,  instead  of  employing  a 
number  of  light  objects  to  indicate  the  attraction  of  an 
electrified  body,  it  is  more  convenient  to  suspend  a  single 
pith  ball  by  a  thread  from  a  suitable  stand  (Fig.  1),  and 
to  test  for  the  electrification  of  any  body  by  bringing  it 
near  the  suspended  ball. 


Fig.  1. 
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This  arrangement  is  very  sensitive,  and  can  be  employed 
to  detect  very  feeble  electrification.  It  is,  in  fact,  a  simple 
form  of  electroscope  or  instrument  for  indicating  whether 
a  body  is  electrified  or  not.  Other  convenient  forms  of  this 
instrument  may  be  readily  devised  by  the  student ;  the 
earliest  form  was  that  employed  by  Dr.  Gilbert,  and  con- 
sisted (Fig.  2)  of  a  stift  straw  freely  balanced  on  a  needle 
point. 

Let  us  now  consider  whether  this  property  of  attraction 
exhibited  by  electrified  bodies  is  exercised  generally  and  on 
all  substances,  or  whether  it  is  confined  to  very  light 
substances.  On  consideration,  wo  at  once  conclude  that 
in  all  probability  the  property  is  general,  but  that  light 
substances  are  chosen  to  exhibit  it,  because,  being  light, 
they  are  easily  put  in  motion  by  the  attracting  force. 


Fig.  2. 

To  verify  this  then,  it  is  evident  that  if  the  body  to  be 
attracted  be  not  light  it  must  be  suspended  or  pivoted 
in  some  way  so  as  to  be  free  to  move  For  example,  take 
a  lath  or  rod  of  wood  and  suspend  it  horizontally  by  a 
thread,  or  balance  it  on  the  bottom  of  a  small  Florence  flask. 
On  holding  an  excited  glass  tube  near  one  end  of  the 
rod  it  will  be  seen  that  the  latter  is  attracted,  and  rotates 
so  as  to  approach  the  tube. 

We  must  further  determine  whether  this  attraction  is 
mutual — that  is,  whether  the  electrified,  body,  in  addition  to 
attracting  other  bodies,  is  itself  attracted  by  these  bodies. 
Newton's  third  law  of  motion  at  once  tells  us  that 
this  must  be  the  case,  and  we  can  verify  the  fact  by  sus- 
pending the  electrified  body  (Fig.  3)  in  a  wire  stirrup 
attached  to  a  nilk  thread.  When  thus  suspended  it  will 


ELECTROSTATICS. 


be  found  that  it  is  attracted  by  any  body  brought  near 
it,  just  as  the  rod  of  wood  mentioned  in  a  previous  experi- 
ment was  attracted  by  the  electrified  body. 

So  far,  then,  we  see  that 
some  substances  on  being 
rubbed  by  others  acquire 
the  property  of  attracting 
neutral  bodies  or  bodies 
in  their  normal  condition, 
and  that  this  attraction  is 
general*  and  mutual. 

3.  Electrification  by  Fric- 
tion. If  any  two  bodies  be 
rubbed  together  it  will  be 
found  that,  in  the  majority 
of  cases,  neither  of  the 
bodies  will,  under  ordinary 
conditions,  exhibit  the  prop- 
erty referred  to  above.  In 


Fig.  3. 


a   few    cases,    however,    it 


may  be  found  that  one  of  the  bodies  is  distinctly  electrified 
while  the  other  is  not ;  and  in  one  or  two  cases,  it  is  possible 
that  both  bodies  may  exhibit  feeble  electrification.  If  we 
choose  one  of  the  substances  showing  distinct  electrification, 
and  test  it  by  rubbing  it  with  others,  we  shall  find  that 
its  power  of  attracting  light  substances  varies  with  the 
substance  used  as  a  rubber — that  is,  the  electrification  pro- 
duced on  a  given  substance  varies  with  the  rubber  producing 
it,  and  it  is  found  that  if  the  rubber  be  exactly  similar 
physically  to  the  substance  rubbed,  then  no  electrification 
whatever  is  produced.  It  can  also  be  shown  that  the 
electrification  is  confined  to  the  external  surface,  for  if  the 
body  be  made  in  the  form  of  a  tube  it  will  be  found  that 
the  electrification  produced  on  it,  under  given  conditions, 
is  the  same  as  on  a  solid  rod  of  the  same  diameter,  and  is 
quite  independent  of  the  thickness  of  the  walls  of  the  tube. 
On  experiment  it  will  also  be  noticed  that"  only  that 
portion  of  the  surface  of  the  body  which  is  subjected  to 
*  See  Art.  11. 
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friction  becomes  electrified  ;  for  example,  if  one  end  of  a 
rod  of  sealing  wax  be  rubbed  with  flannel,  only  that  end, 
and  no  other  portion  of  the  surface  of  the  rod,  will  be 
<  xcitcd.  This  shows  that,  in  the  cases  here  considered,  the 
electrification  produced  on  one  portion  of  the  surface  does 
not  spread  over  the  whole  surface,  but  appears  to  be  con- 
fined to  the  area  on  which  it  is  produced. 

Again,  if  the  substance  be  excited  so  as  to  exhibit  distinct 
electrification,  and  then  tested  from  time  to  time,  it  will  be 
found  that  it  gradually  loses  its  electrification,  and  in  a  few 
minutes  returns  to  its  original  neutral  condition.  This  loss 
of  electrification  will  be  found  to  depend  on  external  cir- 
cumstances; for  example,  if  the  air  is  moist  the  rate  of  loss 
is  very  rapid,  but  if  dry,  as  on  a  bright  frosty  day,  the 
body  may  remain  electrified  for  hours.  The  same  fact  is 
emphasised  by  holding  a  freshly  excited  body  in  a  current  of 
steam  or  dipping  it  into  water ;  it  at  once  loses  its  electri- 
fication, and  returns  to  the  neutral  state.  These  experiments 
show  that  when  dry  air  is  in  contact  with  an  electrified 
surface  it  tends  to  prevent  loss  of  electrification,  but  that 
the  presence  of  moisture  *  tends  to  accelerate  the  loss. 
Similar  experiments  would  show  .that  all  dry  gases  tend 
to  prevent  loss  of  electrification,  but  that  liquids  behave 
in  various  ways ;  some,  such  as  water,  mercury,  dilute 
acids,  and  solutions  of  metallic  salts,  etc.,  admit  of  instant 
loss  of  electrification,  while  others,  including  oils  and 
vai  ious  organic  compounds,  more  or  less  completely  prevent 
this  loss.  Similarly,  if  the  excited  body  be  drawn  through 
tl  e  hand  it  will  be  found  to  have  almost  entirely  lost  its 
electrification,  thus  proving  that  contact  with  the  hand 
t  r  person  of  the  operator  results  in  loss  of  electrification. 

The  action  of  solids  in  this  relation  is  less  easily  deter- 
mined by  direct  experiment.  Ti.ere  is  evidently  no  diffi- 
culty in  securing  intimate  contact  between  an  electrified 
surface  and  a  gas  or  liquid,  but  with  a  solid  good  contact 

*  Dry  aqueous  vapour  is  iV.W/an  insulator  ;  the  loss  of  electrifica- 
tion resulting  from  the  presence  oE  moisture  is  due  to  the  conducting 
film  of  liquid  deposited  on  the  surface  of  the  conductor. 
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can  be  obtained  at  only  a  few  points,  and  the  loss  of 
electrification  produced  by  such  contact  would  depend  more 
upon  the  action  of  the  intervening  air-film  than  upon  that 
of  the  solid.  With  one  solid,  however,  the  electrified  body 
itself,  there  is  no  difficulty,  for  there  is  already  intimate 
contact  between  the  electrified  portion  of  the  surface  and 
the  adjacent  portions  of  the  same  surface.  Hence,  it  is 
evident  that  if  the  substance  of  a  body  be  such  as  to  admit 
of  loss  of  electrification  from  an  electrified  surface  with 
which  it  is  in  contact,  then  it  will  be  impossible,  without 
special  precautions,  to  electrify  that  substance.  For  if  any 
portion  of  the  surface  be  electrified  by  friction  it  imme- 
diately loses  its  electrification  through  adjacent  portions 
and  the  hand  of  the  experimenter,  and  thus  electrification 
is  lost  as  quickly  as  it  is  produced.  Similarly,  if  a  body  can 
be  electrified,  it  must  evidently  be  composed  of  a  substance 
which  does  not  admit  of  loss  of  electrification.  We  are 
thus  able  to  divide  all  substances,  solid  and  fluid,  into  two 
classes — one  class  composed  of  substances  which,  when 
placed  in  contact  with  an  electrified  surface,  admit  of  loss 
of  electrification,  the  other  composed  of  substances  which, 
under  similar  circumstances,  prevent  this  loss.  The  sub- 
stances in  the  former  class  are  called  conductors,  those  in 
the  latter  insulators. 

We  are  now  able  to  understand  why  electrification  is  not 
always  evident  when  any  two  substances  are  rubbed  together. 
It  is  not  because  none  is  produced,  but  because  its  exhibition 
depends  upon  whether  the  substances  employed  are  insulators 
or  conductors.  If  both  are  conductors,  then  neither  appears 
to  be  electrified;  if  one  is  an  insulator  and  the  other  a 
conductor,  then  the  former  becomes  electrified,  the  latter 
remaining  neutral ;  if  both  are  insulators,  then  both  may 
exhibit  electrification. 

That  electrification  is  produced  on  a  conductor  may  be 
made  evident  by  insulating  it — that  is,  mounting  it  on  a 
handle  or  stand  of  insulating  substance,  and  then  rubbing 
it  with  some  suitable  substance.  The  escape  of  the  electri- 
fication is  prevented  by  the  insulator,  and  the  conductor 
becomes  electrified,  but  it  will  be  found  that  the  electri- 
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fication  appears  over  its  whole  surface,  although  only  a 
small  portion  of  that  surface  may  have  been  directly  excited 
by  friction.  This  is  evidently  a  result  to  be  expected  from 
the  nature  of  the  substance,  and  corresponds  to  the  fact 
mentioned  above,  that  the  electrification  on  the  surface  of 
an  insulator  is  confined  to  the  area  directly  subjected  to 
friction. 

Thus  if  any  two  dissimilar  bodies  be  first  insulated  and 
then  rubbed  together,  it  may  be  shown  that  both  are 
electrified.  Further,  if  two  insulated  conductors  be  put  in 
contact  it  can  be  shown  that,  without  any  friction  taking 
place,  both  become  electrified,  but  the  electrification  de- 
veloped is  extremely  feeble.  This  indicates  that  the  true 
cause  of  electrification  in  the  cases  considered  above  is 
contact  of  dissimilar  substances  and  not  friction  ;  but  in  the 
case  of  insulators,  intimate  contact  at  nearly  every  point  on 
the  surface  is  necessary,  for  the  electrification  cannot,  as  in 
the  case  of  a  conductor,  spread  over  the  surface  from  one 
or  two  points  of  contact.  Friction  secures  this  intimate 
contact,  and  helps  the  transfer  of  electrification  along  the 
surface.  It  is  thus  evident  that  the  degree  of  electrification 
produced  in  any  given  case  cannot  depend  on  the  mechanical 
work  done  in  friction  but  rather  on  the  nature  of  the 
substances  considered. 

We  may  now  summarise  by  stating  that  the  contact  of 
any  two  dissimilar  substances  tends  to  produce  electrifica- 
tion of  both,  and  that  the  degree  of  electrification  produced 
depends  only  on  the  nature  of  the  substances  and  the 
conditions  of  contact. 

4.  Conductors  and  Insulators.  The  general  meaning  of 
the  terms  insulator  and  conductor  has  been  given  in  the 
preceding  article.  From  the  explanation  there  given  we 
know  that  the  contact  of  a  conductor  with  an  electrified 
body  causes  loss  of  electrification,  while  contact  with  an 
insulator  results  in  no  such  loss.  It  must,  however,  be 
remembered  that  this  is  only  generally  true.  The  terms 
conductor  and  insulator  are  comparative  terms,  there  being 
no  perfect  conducting  or  insulating  substance.  An  insulator 
may  be  considered  as  a  very  bad  conductor,  or  a  conductor 
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as  an  extremely  bad  insulator ;  and,  as  might  be  expected, 
there  are  many  substances,  such  as  wood,  ivory,  stone, 
paper,  etc.,  which  occupy  an  intermediate  position,  being 
neither  good  conductors  nor  good  insulators.  Hence,  in 
practice,  all  substances  admit  of  some  loss  of  electrification 
— that  is,  all  substances  are  conductors, — but  if  the  loss  is 
inappreciable  then,  for  all  practical  purposes,  the  substance 
is  an  insulator  or  non-conductor',  if,  however,  the  loss  is 
readily  appreciable  by  experiment,  the  substance  is  classed 
as  a  conductor  in  the  usual  meaning  of  the  term.  Further, 
the  conducting  power  of  any  given  substance  often  varies 
with  its  physical  condition ;  for  example,  glass  at  ordinary 
temperatures  is  a  typical  insulator,  but  if  its  temperature 
be  raised  its  conducting  power  increases,  and  at  tempera- 
tures just  below  a  red  heat  it  is  a  fairly  good  conductor. 
Similarly  the  conducting  power  of  the  different  forms  of 
carbon  is  very  different ;  the  diamond  acts  as  an  insulator, 
while  the  dense  carbon  obtained  from  gas  retorts  is  a  good 
conductor.  The  properties  of  insulators  and  conductors 
may  be  illustrated  by  a  great  many  simple  experiments. 
In  1729,  Stephen  Gray,  who  first  directed  attention  to  the 
phenomena  of  conduction  and  insulation,  found  that  a  cork 
inserted  into  the  end  of  an  electrified  glass  tube  exhibited 
attraction  for  light  bodies.  Similarly  a  rod  of  wood  stuck 
into  the  cork  was  found  to  be  electrified,  and  even  a  pith- 
ball  pendulum  attached  to  this  rod  by  a  long  hemp-rope 
exhibited  slight  electrification.  If,  however,  the  ball  be 
suspended  by  a  dry  silk  thread  the  ball  does  not  become 
electrified,  showing  dry  silk  to  be  an  insulator,  but  if  the 
thread  be  moistened  it  at  once  acts  as  a  conductor,  and  the 
ball  becomes  charged. 

These  experiments  are  readily  repeated,  any  simple  form 
of  electroscope  being  employed  to  detect  the  electrification ; 
and  it  may  be  easily  shown  that  electrification  is  readily 
conducted  from  one  conductor  to  another  through  consider- 
able lengths  of  conducting  substance.  For  example,  if  a 
moist  cotton  thread  or  a  metal  wire  several  yards  long  be 
supported  on  si'k  loops  and  connected  at  each  end  with  an 
insulated  conductor,  it  will  be  found  that  if  one  of  the  con- 
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ductors  be  directly  electrified  the  other  also  becomes 
electrified,  and  can  be  made  to  affect  any  electroscopic  * 
arrangement  near  it. 

If  an  insulated  electrified  conductor  be  placed  in  contact 
with  another  insulated  but  non-electrified  conductor,  it  will 
be  found  that  the  former  at  once  transfers  a  portion  of  its 
electrification  to  the  latter ;  that  is,  an  electrified  conductor 
readily  communicates  its  electrification  to  any  other  con- 
ductor brought  into  contact  with  it.  If,  however,  an  elec- 
trified insulator  be  brought  into  contact  with  a  conductor, 
little  or  no  transfer  of  electrification  takes  place.  At  the 
point  or  points  of  contact  direct  transfer  may  take  place, 
but  the  portion  of  the  surface  from  which  this  transfer 
takes  place  is  confined  to  the  actual  points  of  contact,  and 
the  electrification  of  the  rest  of  the  surface  is  unaffected. 

Similarly,  if  an  electrified  conductor  be  brought  into 
contact  with  an  insulator,  transfer  of  electrification  takes 
place  only  at  the  points  of  contact.  These  facts  emphasise 
the  distinctive  properties  of  insulators  and  conductors,  and 
correspond  to  those  given  in  Art.  3  in  connection  with  the 
electrification  of  conductors  and  insulators.  This  transfer 
of  electrification  from  conductor  to  conductor  supplies  the 
most  convenient  test  of  the  conducting  power  of  any  given 
substance.  For  example,  let  a  conductor  be  insulated  and 
electrified  ;  if  not  further  interfered  with,  it  will  retain  its 
charge  until  it  is  gradually  dissipated  by  leakage  through 
the  insulator  and  the  surrounding  air,  but  if  put  in  direct 
contact  with  the  earth  it  at  once  loses  its  charge,  thus 
showing  that  the  earth  acts  as  a  conductor,  and  that  after 
sharing  its  charge  with  so  large  a  conductor  as  the  earth, 
any  charged  body  is  practically  discharged. 

Similarly,  if  the  electrified  body  be  touched  with  the 
finger,  it  instantly  loses  its  electrification  by  transfer  to  the 
conducting  body  of  the  experimenter  and  the  other  conduc- 
tors with  which  he  is  connected.  Now,  under  ordinary  cir- 
cumstances, the  experimenter  communicates  with  the  earth 
by  conducting  substances,  and  therefore  in  the  case  considered 

*  In  these  experiments  it  is  best  to  employ  the  ^Id-leaf  electro- 
scope described  in  Art.  12. 
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the  electrified  hody  shares  its  charge  with  the  earth,  and  all 
conducting  bodies  on  its  surface,  and  thus  has  practically 
no  charge  left.  If  before  touching  the  electrified  body  the 
experimenter  insulates  himself  from  the  earth  by  standing 
on  a  stool  with  glass  (insulating)  legs,  it  will  be  found  that 
although  the  body  loses  the  greater  portion  of  its  electrifica- 
tion by  transfer  to  the  experimenter,  both  still  exhibit  feeble 
electrification. 

Hence,  if  an  insulated  electrified  body  be  touched  with 
any  conducting  substance,  in  direct  or  indirect  contact  with 
the  earth,  it  at  once  loses  its  electrification.  On  the  other 
hand,  if  touched  with  an  insulator  it  retains  its  charge  or 
loses  it  very  gradually,  according  as  the  substance  tested  is 
a  good  or  bad  insulator. 

We  can  now  understand  why  it  is  necessary  to  insulate 
any  body  which  we  wish  to  electrify.  If  the  body  is  a  con- 
ductor this  is  effected  by  attaching  it  to  a  stem  or  handle  of 
some  insulating  substance,  such  as  glass  or  ebonite ;  if  an 
insulator,  any  portion  of  it  may  be  considered  as  already 
insulated  from  the  other  portions,  and  may  therefore  be 
electrified.  The  phenomenon  of  transfer  of  electrification 
from  conductor  to  conductor  is  applied  in  the  use  of  the 
proof  plane.  This  simple  instrument  consists  of  a  small  disc 
of  metal,  or  cardboard  covered  with  tinfoil,  attached  to  an 
insulating  handle,  such  as  an  ebonite  penholder.  It  is  used 
for  testing  the  electrification  of  any  body.  When  placed  in 
contact  with  the  body  it  receives  by  transfer  a  small  charge, 
which  may  be  removed  with  it,  and  used  as  an  indicator  of 
the  nature  and  magnitude  of  the  original  charge. 

It  is  somewhat  difficult  to  give  a  correct  list  of  conductors 
and  insulators  in  the  order  of  their  conducting  powers,  for 
different  specimens  of  the  same  substance  vary  greatly  in 
this  respect.  The  following  table,  however,  gives  a  general 
idea  of  the  relative  conducting  or  insulating  powers  of  the 
substance  referred  to.  Taken  as  a  table  of  conductors  in 
the  order  of  their  conducting  power,  the  list  should  be  read 
downwards ;  as  a  table  of  insulators  arranged  in  the  order 
of  their  insulating  power,  the  list  should  be  read  up- 
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Bad  Insulators. 


Good  Conductors. 


Partial  Insulators.     - 


Partial  Conductors. 


Silver. 
Copper. 
Other  metals 
Gas  Coke. 
Charcoal. 
Grap'.iite. 
Acids. 

Metallic  Salts. 
Water. 
The  Body. 

Linen. 
Cotton. 
Wood. 
Stone. 
Marble. 
Paper. 
.  Ivory. 

Oils. 

Porcelain. 
Wool. 
Silk. 
Resin. 
Sulphur. 

Good  Insulators.        (    Guttapercha. 
Shellac. 
Sealing  Wax. 
Ebonite. 
Paraffin. 
Glass. 
Dry  Air. 


5.  The  Two  Electrical  States.  If  an  ebonite  rod  be 
electrified  by  means  of  a  fur  rubber  and  held  near  a  few 
pith  balls  the  latter  will,  as  we  know,  be  attracted  by  the 
rod.  If,  however,  we  watch  the  behaviour  of  any  one 
of  the  attracted  balls  we  shall  find  that  there  is  something 
further  to  explain.  The  ball  is  attracted  up  to  the  rod; 
but  directly  it  touches  the  latter  it  seems  to  cling  to  it 
for  an  instant,  and  is  then  cast  off  to  be  again  attracted 
as  before.  If  this  action  is  allowed  to  go  on  for  some  time 
without  again  exciting  the  rod  it  will  be  found  that  each 
successive  time  the  ball  touches  the  rod  its  time  of  contact 
is  lengthened,  and  that  it  moves  in  an  erratic  way  over 
the  surface  of  the  rod  before  being  cast  off.  This  action 
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becomes  more  and  more  marked  as  the  electrification  of 
the  rod  is  gradually  lost,  until  at  last  the  ball  ceases  to 
be  attracted  at  all.  Further,  it  will  be  found  that  under 
the  circumstances  of  this  experiment  the  rod  loses  its 
electrification  much  more  quickly  than  if  it  were  merely 
exposed  to  the  air.  Some  of  the  phenomena  here  noticed 
we  can  readily  explain.  The  pith  ball  acts  as  a  con- 
ductor, and  directly  it  comes  in  contact  with  the  electrified 
rod  it  becomes  slightly  electrified  by  transfer  of  electrifica- 
tion at  the  point  of  contact.  When  it  is  cast  off  by  the 
rod  it  carries  this  electrification  with  it,  and  finally  gives 
it  up  to  the  earth  through  the  table  or  other  conducting 
stand  to  which  it  returns.  It  thus  becomes  neutral,  and 
is  again  attracted  by  the  rod,  and  the  process  described 
is  repeated.  We  thus  see  that  the  pith  balls  act  the 
part  of  carriers,  and  convey  the  electrification  of  the  rod 
to  the  earth,  thus  causing  it  to  lose  its  electrification 
more  rapidly  than  it  otherwise  would.  Further,  if  the 
rod  is  strongly  electrified  the  ball  in  contact  with  it  quickly 
becomes  charged,  but  if  feebly  electrified  then  the  time 
of  receiving  the  charge  is  extended,  and  the  rod,  being  an 
insulator,  the  electrification  cannot  pass  over  its  surface 
to  the  ball ;  so  the  latter  rolls  over  that  surface,  gradually 
collecting  a  charge,  and,  finally,  when  sufficiently  electrified, 
leaves  it  as  before.  We  have  now  explained  some  of  the 
minor  points  of  the  experiment,  but  the  most  important 
fact — viz.,  that  the  ball  after  becoming  electrified  ceases  to 
be  attracted,  is  still  unexplained.  If,  instead  of  experiment- 
ing with  loose  pith  balls  lying  on  the  table,  we  suspend 
one  by  means  of  a  dry  silk  thread,  we  si: all  find,  on  holding 
the  electrified  rod  near  it,  that  the  ball  is  at  once  attracted, 
but  after  contact  it  is  quickly  repelled ;  and  if  the  rod  be 
again  brought  near,  the  ball,  instead  of  being  attracted, 
is  strongly  repelled.  Similarly,  if  two  pith  balls  be  sus- 
pended from  the  same  stand,  they  will  be  seen  to  repel 
one  another  after  both  have  become  electrified  by  contact 
with  the  ebonite  rod.  From  these  experiments  we  come  to 
the  conclusion  that  bodies  charged  with  the  same  electri- 
fication repel  one  another.  If  the  same  experiment  be 
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repeated  with  an  excited  glass  rod  exactly  similar  results 
will  be  obtained.  If,  however,  the  suspended  pith  ball  be 
charged  by  contact  with  an  electrified  ebonite  rod,  and  an 
excited  glass  rod  be  then  brought  near,  it  will  be  found 
that  the  charged  ball  is  strongly  attracted  instead  of  being 
repelled,  as  it  is  by  the  ebonite  rod.  Similarly,  if  the  pith 
ball  be  charged  by  contact  with  an  electrified  glass  rod, 
and  an  excited  ebonite  rod  be  then  brought  near  it,  the  ball 
will  be  seen  to  be  attracted,  although  repelled  by  the  glass 
rod.  Further,  if  an  ebonite  rod  be  excited  and  suspended 
on  a  wire  stirrup,  as  shown  in  Fig.  3,  it  will  be  found  to  be 
distinctly  repelled  by  another  similarly  excited  ebonite  rod. 
Also,  if  the  experiment  be  repeated  with  glass  rods  excited 
with  silk,  sticks  of  sealing  wax  excited  with  flannel,  or  with 
any  two  similar  substances  similarly  excited,  the  same 
result  will  be  obtained;  that  is,  the  two  similarly  excited 
rods  will  exert  mutual  repulsion.  If,  however,  we  take  a 
glass  rod  excited  by  silk,  and  an  ebonite  rod  excited  by 
fur,  and  suspend  either  in  the  stirrup,  it  will  be  found  to 
be  attracted  by  the  other.  It  is  not,  however,  necessary 
to  employ  rods  of  different  substances  to  exhibit  attraction 
instead  of  repulsion,  neither  is  it  necessary  to  employ  rods 
of  the  same  substance  to  exhibit  repulsion.  Two  pieces  of 
the  same  substance  may,  by  the  use  of  appropriate  rubbers, 
be  electrified  to  exhibit  mutual  attraction,  and  rods  of 
different  substances  may  be  so  excited  as  to  exhibit  mutual 
repulsion ;  for  example,  glass  rubbed  with  silk  is  attracted 
by  glass  rubbed  with  fur,  and  sealing  wax  rubbed  with 
flannel  repels  glass  rubbed  with  fur.  So  far,  all  this  if? 
empirical ;  but  experiment  shows  that  if  any  two  electrified 
substances  attract  or  repel  the  same  electrified  body,  then 
they  invariably  repel  one  another,  but  if  one  attracts 
while  the  other  repels  the  given  body,  then  they  invariably 
attract  one  another.  From  these  observations  it  has  been 
inferred  that  there  are  two  opposite  kinds  of  electrification, 
and  that  bodies  similarly  electrified  repel  one  another,  while 
bodies  oppositely  electrified  attract  one  another.  Further,  if 
a  given  substance  be  electrified  by  a  given  robber  it  will 
be  found  that,  if  proper  precautions  be  taken  to  ensure 
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insulation,  the  rubber  and  the  substance  rubbed  always 
exhibit  mutual  attraction — that  is,  they  are  oppositely 
electrified.  For  example,  if  a  rod  of  ebonite  be  rubbed 
with  a  piece  of  fur  mounted  on  a  glass  or  ebonite  handle, 
the  rod,  when  suspended  in  the  wire  stirrup,  will  be  found 
to  be  attracted  by  the  fur.  Hence  we  see  that  if  any 
two  substances  are  rubbed  together  they  become  oppositely 
electrified ;  and  the  nature  of  the  electrification  developed 
on  either  depends  not  only  on  the  nature  of  its  own 
mateiial,  but  also  on  tl  at  of  the  other.  Symmer  and 
Du  Fay  independently  discovered  and  investigated  these 
phenomena,  and,  in  explanation  of  them,  the  latter  sug- 
gested that  there  might  be  two  kinds  of  electricity  which 
exercised  mutual  attraction  but  self -repulsion.  The 
electricity  which  appears  on  glass  when  rubbed  with  silk 
he  called  vitreous  electricity,  and  that  which  appears  on 
sealing  wax  and  other  resinous  substances  when  rubbed 
with  wool  or  fur  he  called  resinous  electricity. 

These  terms  are  misleading,  for  they  are  founded  on  the 
erroneous  assumption  that  only  one  kind  of  electrification 
can  be  produced  on  a  given  substance ;  they  have,  therefore, 
been  discarded  in  favour  of  the  terms  positive  and  negative, 
introduced  by  Franklin.  A  rod  of  glass  excited  by  a  silk 
rubber  is  said  to  be  positively  electrified,  and  any  resinous 
substance  excited  by  a  fur  or  woollen  rubber  is  said  to  be 
negatively  electrified.*  This  is  also  expressed  by  saying 
that  a  positively  electrified  body  is  charged  with  positive 
electricity,  and  a  negatively  electrified  body  with  negative 
electricity. 

Similarly,  a  neutral  body  may  be  said  to  possess  equal 
quantities  of  positive  and  negative  electricity,  each  neutral- 
ising the  other,  and  thus  accounting  for  the  neutral  state 
of  the  bcdy,  and  indicating  how,  by  a  separation  of  these 
neutralising  constituents,  two  neutral  bodies  may  exhibit 
opposite  electrifications. 

The  student  must,   however,  remember  that  the  use  of 

*  That  is,  it  is  agreed  to  call  one  kind  of  electrification  positive, 
and  the  other  negative  ;  but  there  is  nothing  but  general  convention 
to  decide  which  shall  be  considered  positive,  and  which  negative. 
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these  terms  does  not  necessarily  imply  that  there  are  two 
different  and  opposite  kinds  of  electricity.  They  arose  out 
of  the  various  attempts  to  frame  a  theory  of  electrification 
in  accordance  -with  observed  facts,  and  they  are  still  neces- 
sary for  the  purposes  of  speaking  and  writing. 

From  a  number  of  experiments  it  is  possible  to  draw  up 
a  list  such  that  when  any  substance  in  the  list  is  rubbed 
with  another  lower  down  on  the  list,  the  former  becomes 
positively,  and  the  latter  negatively  electrified.  The  list 
given  below  is  arranged  on  this  principle,  but  it  must  be 
remembered  that  the  order  of  the  list  might  be  different 
for  different  specimens  of  the  same  substances. 

Fur.  Silk. 

Wool.  The  Hand 

Ivory.  Metals. 

Wood.  Caoutchouc. 

Shellac.  Amber. 

Resin.  Sulphur. 

Sealing  Wax.  Ebonite. 

Glass.  Guttapercha. 

Cotton  Collodion. 
Paper. 

The  relative  positions  of  substances  standing  close 
together  on  the  list  is  somewhat  uncertain.  When  sub- 
stances far  apart  on  the  list  (for  example,  fur  and  ebonite) 
are  rubbed  together,  each  becomes  strongly  electrified,  but 
when  substances  close  together  (for  example,  sulphur  and 
ebonite)  are  dealt  with,  the  electrification  produced  is  very 
feeble,  and  it  is  therefore  difficult  to  decide  as  to  its  nature 
for  either  of  the  substances. 

6.  Electrical  Attraction  and  Repulsion.  The  force  of 
attraction  between  two  oppositely  electrified  bodies,  or  the 
force  of  repulsion  between  two  similarly  electrified  bodies,  is 
found  to  depend  on  three  things — the  degree  of  electrifica- 
tion of  each  of  the  bodies,  their  distance  apart,  and  the 
nature  of  the  intervening  mediurm.  The  more  strongly 
electrified  the  bodies  are,  the  greater  the  force  of  attraction 
or  repulsion  exerted  by  them.  This  condition  may  be  more 
definitely  stated  by  considering  an  electrified  body  as 
charged  with  electricity,  and  saying  that  the  magnitude 
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of  the  force  depends  upon  the  quantity  of  electricity  with 
which  each  of  the  electrified  bodies  is  charged — that  is,  upon 
what  are  called  their  charges.  This  way  of  dealing  with 
the  question  evidently  involves  the  necessity  for  some 
method  of  measuring  quantity  of  electricity;  but,  assuming 
for  the  present  that  this  is  possible,  let  us  consider  Jiow  the 
force  between  two  charged  bodies  varies  with  the  magnitude 
of  their  charges.  Imagine  two  small  positively  charged  bodies 
separated  by  any  definite  distance,  and  suppose  the  charge 
on  one  to  be  doubled,  then  evidently  the  force  of  repulsion 
between  them  will  also  be  doubled.  Similarly,  if  the 
charge  on  the  other  body  be  doubled,  then  the  magnitude 
of  the  force  is  evidently  again  doubled — that  is,  by  doubling 
the  charge  on  each  of  the  bodies  the  force  is  quadrupled. 
Similarly,  if  one  charge  be  doubled  while  the  other  is 
trebled,  the  magnitude  of  the  repelling  force  will  be  increased 
to  six  times  its  original  value.  This  result  can  be  expressed 
generally  by  saying  that  the  force  exerted  between  two 
charged  bodies  varies  as  the  product  of  their  charges. 

Considering  the  second  condition  on  which  the  magnitude 
of  the  force  depends,  it  is  found  by  experiment  (Art.  8) 
that  if  the  distance  between  two  charged  bodies  be  doubled 
then  the  force  is  reduced  to  one-fourth  of  its  original  value, 
that  is,  the  force  exerted  between  two  charged  bodies  varies 
inversely  as  the  square  of  the  distance  between  them.  This 
law  is  rigorously  true  only  when  the  charges  are  supposed 
to  be  concentrated  at  points.  This  involves  a  physical 
impossibility,  but  the  law  may  be  taken  to  be  very  approxi- 
mately true  when  the  dimensions  of  the  charged  body  are 
small  compared  with  the  distance  between  them. 

With  regard  to  the  influence  of  the  medium  surrounding 
the  two  bodies,  it  is  at  once  evident  that  it  must  act  as  an 
insulator,  or  the  conditions  of  the  question  are  entirely 
altered.  The  phenomena  of  attraction  and  repulsion  depend 
upon  the  action  of  the  medium.  If  it  is  perfectly  insulat- 
ing then  the  charges  are  confined  to  the  conductors  con- 
sidered ;  but  we  know  by  experience  that  a  body  always 
tends  to  lose  its  charge,  that  is,  the  charge  always  tends 
to  pass  into  the  surrounding  medium.  This  tendency 
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of  electricity  to  pass  into  the  adjacent  insulating  medium 
is  the  result  of  a  stress  existing  in  the  medium,  and  the 
phenomena  of  attraction  and  repulsion  are  direct  con- 
sequences of  the  existence  of  this  stress.  From  this  we 
infer  that  the  magnitude  of  the  force  of  attraction  or 
repulsion  between  any  two  charged  bodies  varies  with  the 
nature  of  the  surrounding  medium.  Experiment  shows 
that  this  is  the  case,  but  that  the  laws  stated  above  hold 
for  any  given  medium.  That  is,  in  any  medium  the  force 
exerted  between  two  charged  bodies  varies  directly  as  the 
product  of  their  charges,  and  inversely  as  the  square  of 
the  distance  between  them;  but  the  magnitude  of  the 
force,  under  given  conditions,  varies  with  the  nature  of 
the  medium.  These  laws  may  be  concisely  expressed  by 
means  of  a  formula.  Let  two  small  spheres,  A  and  B 

G)  (?) 


Fig.  4. 


(Fig.  4),  be  charged  respectively  with  quantities  of  elec- 
tricity denoted  by  q  and  q'  and  let  the  distance  between 
their  centres  be  denoted  by  d,  then,  as  explained  above, 
we  have  — 


where  f  denotes   the   force   exerted    between  the  charged 
spheres.     That  is, 


where  K  is  a  constant  depending  in  magnitude  upon  the 
nature  of  the  medium  surrounding  A  and  B.  For  any 
given  medium  K  has  a  definite  constant  value  for  all  values 
of  £,  q'  and  d,  but  this  value  is  different  for  different  media. 
For  example,  if  in  one  medium  the  force  exerted  between 
two  charged  bodies  is  twice  as  great  as  it  is  under  the  same 
conditions  in  another  medium,  then  the  value  of  K  for  the 
*«?.  2 
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first  medium  would  be  half  as  great  as  its  value  for  the 
second.  It  is  evident  that  this  constant,  K,  for  any  medium 
is  a  specific  constant  for  that  medium,  depending  in  magni- 
tude upon  that  property  of  the  medium  which  determines 
the  facility  with  which  electric  force  acts  through  it.  To 
determine  the  absolute  value  of  K  for  any  given  medium  it 
would  evidently  be  necessary  to  know  the  absolute  value  of 
/  corresponding  to  known  absolute  values  of  q,  q'  and  d. 
The  values  of /and  d  can  be  determined  by  experiment,  but 
those  of  q  and  q'  cannot  be  so  determined.  Hence,  instead 
of  dealing  with  absolute  values,  it  is  more  convenient  to 
decide  on  some  convenient  standard  substance,  for  which  the 
value  of  K  shall  be  taken  as  unity.  The  substance  chosen 
as  a  standard  is  dry  air,  hence  in  this  medium  we  have 

/-21' 
f~  d*' 

and  in  any  other  medium  we  have 

,_  1  «' 

7  -  K  T» 

where  K  is  a  constant  expressing  the  ratio  of  the  magnitude 
of  f  in  air  to  its  magnitude  under  the  same  conditions  in 
the  given  medium.  For  example,  if  in  one  medium  the 
force  exerted  between  two  charged  bodies  is  twice  as  great 
as  it  is  under  the  same  conditions  in  air,  then  the  value  of 
K  for  the  first  medium  would  be  |. 

From  the  relation  f  =  qq'/d2  we  are  now  able  to  deal 
with  the  measurement  of  quantity  of  electricity,  for  if 
/  and  d  each  equal  unity,  and  q  =  q',  then  we  must  have 
1  =  (1  X  I)/  1  =  1  j  that  is,  unit  quantity  of  electricity  is 
that  quantity  which,  when  placed  in  air  at  unit  distance  from 
another  equal  and  similar  quantity,  repels  it  with  unit  force. 
Hence,  if  unit  quantity  of  electricity  be  placed  at  unit  dis- 
tance from  a  given  charge,  the  magnitude  of  the  force  which 
it  experiences  is  a  measure  of  the  quantity  of  electricity 
constituting  the  given  charge.  A  charge  of  q  units  of 
positive  electricity  is  denoted  by  q,  or  -f  q,  and  an  equal 
charge  of  negative  electricity  is  denoted  by  —  q.  With  this 
notation,  the  force  of  repulsion  exerted  between  two  similar 
and  equal  charges  is  evidently  given  by/=  q2  /  d2  whether 
the  charges  be  positive  or  negative,  but  for  two  dissimilar 
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equal  charges/ =  —  q2  /  d'2,  that  is,  when/is  positive  the  force 
is  one  of  repulsion,  but  when  negative  it  is  one  of  attraction. 

It  is  found  by  experiment  that  if  any  number  of  con- 
ductors whose  charges  are  all  of  the  same  sign  are  made  to 
touch  and  then  separated,  the  sum  of  their  charges  is  un- 
altered, though  the  individual  charges  are  usually  altered. 
But  if  some  of  the  conductors  are  positively  and  some 
negatively  charged  before  contact,  they  arq  all  similarly 
charged  after  contact,  and  the  sum  of  their  charges  after 
contact  is  the  algebraic  sum  of  their  charges  before  contact, 
positive  and  negative  charges  being  considered  of  opposite 
signs.  If  two  equal  conducting  spheres  are  made  to  touch, 
their  charges  after  contact  are  equal. 

7.  Field  of  Electrical  Force.  Consider  a  charged  body 
surrounded  by  an  unlimited  insulating  medium.  If  an- 
other similarly  charged  body  be  brought  near  the  first  it 
will  experience  a  force  of  repulsion  varying  in  magnitude 
with  its  position,  the  amounts  of  the  charges,  and  the 
nature  of  the  insulating  medium.  The  whole  space  sur- 
rounding the  charged  body  in  which  this  electrical  force 
is  exerted  is  called  the  field  of  force,  due  to  the  charge 
on  that  body.  The  intensity  of  the  field  at  any  point, 
or  the  magnitude  of  the  electric  force  at  any  point  in  the 
field,  is  determined  by  the  force  which  a  unit  positive 
charge  would  experience  if  placed  at  that  point.  In  the 
case  of  a  point-charge  the  direction  of  this  force  is  along 
the  line  joining  the  point  considered  to  the  position  of  the 
charge.* 

If  the  field  is  due  to  a  single  charge  then  the  direction 
of  the  force  at  any  point  is  readily  obtained  by  drawing 
a  line  passing  through  that  point  and  the  centre  of  the 
charge,  and  in  this  way  the  field  can  be  mapped  out  by  a 

*  The  term  point-charge  implies  that  the  charge  considered  is 
supposed  to  be  concentrated  at  a  point.  In  practice,  however,  an 
electrical  charge  is  always  spread  over  the  surface  of  the  body  which 
is  said  to  be  charged.  The  centre  of  the  charged  body,  even  if  it 
could  always  be  indicated,  is  not  however  necessarily  the  centre  of 
the  charge,  and  only  in  a  limited  number  of  cases  does  a  point  exist 
at  which  the  charge  may  be  supposed  to  be  concentrated  so  as  to 
have  the  same  external  field  as  it  has  when  distributed  over  the 
surface  of  the  body.  This  point,  when  it  exists,  may  be  called  the 
centre  of  the  charge. 
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series  of  lines  each  indicating  the  direction  of  the  force  at 
the  points  through  which  it  passes.  These  lines  are  called 
lines  of  force,  a  line  of  force  being  a  line  such  that  its 
direction  at  any  point  through  which  it  passes  gives  the 
direction  of  the  electric  force  at  that  point.  Thus,  in  the 
field  due  to  a  single  charged  sphere,  the  lines  of  force  are 
radial  straight  lines,  diverging  from  the  centre  of  the 
sphere,  and  the  direction  of  the  force  for  all  points  lying  on 
any  given  line  is  therefore  the  same,  but  the  magnitude  of 
the  force  diminishes  as  the  square  of  the  distance  from  the 
centre  of  the  sphere  increases.  If,  however,  the  field  is  due 
to  two  or  more  charged  bodies,  then  to  determine  the  direc- 
tion of  the  electric  force  at  any  point  in  the  field  it  is 
necessary  to  determine  the  magnitude  and  direction  of  the 
force  at  that  point  due  to  each  charge  individually,  and 
then  to  take  the  resultant  of  the  several  forces  thus  de- 
termined. The  direction  and  magnitude  of  this  resultant 
determines  the  electric  force  at  the  given  point  due  to 
the  several  charges  considered.  In  this  case  it  is  also 
possible  to  map  out  the  field  by  lines  of  force,  such  that 
the  resultant  direction  of  the  electric  force  at  any  point 
is  determined  by  the  direction  of  the  line  of  force  passing 
through  that  point.  In  general,  however,  the  lines  will 
not  be  straight  but  curved,  showing  that  the  direction  of 
the  force  varies  from  point  to  point  along  any  given  line, 
the  direction  at  any  point  being  given  by  the  tangent 
to  the  line  at  that  point.  Hence,  a  line  of  force  may  be 
denned  generally  as  a  curve  such  that  the  direction  of 
the  electric  force  at  any  point  through  which  it  passes 
is  given  by  the  tangent  to  the  curve  at  that  point.  (Com- 
pare Figs.  64-67).  By  a  conventional  arrangement  the  lines 
of  force  may  be  made  to  indicate,  not  only  the  direc- 
tion, but  also  the  magnitude  of  the  electric  force  at  any 
point  in  the  field.  Theoretically,  the  number  of  lines  that 
can  be  drawn  in  any  field  is  infinite,  for  at  all  points  in  the 
field  the  electric  force  has  a  definite  direction.  It  is,  how- 
ever, agreed  to  indicate  the  intensity  of  the  field  by  the 
number  of  lines  drawn  according  to  the  following  conven- 
tion. Let  the  intensity  at  any  point  of  a  given  field  be 
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denoted  by  F,  then  the  number  of  lines  of  force  per  unit 
area  at  that  point  crossing  a  plane  at  right  angles  to  the 
line  of  force  passing  through  the  point  shall  also  be  denoted 
by  F — that  is,  the  number  of  lines  of  force  per  unit  of  area 
at  the  point  is  a  measure  of  the  intensity  ot  the  field  at  the 
point  considered.  Hence,  when  w«  speak  of  the  number 
of  lines  of  force  passing  through  a  given  area,  we  refer  to 
the  flow  of  force  across  that  area. 

8.  The  Torsion  Balance.  One  of  the  earliest  attempts 
at  quantitative  experiment  was 
that  made  by  Coulomb,  by  means 
of  the  Torsion  Balance,  which  he 
invented  for  the  purpose  of  com- 
paring the  forces  of  repulsion 
exerted  between  two  similarly 
charged  bodies  under  different 
conditions  of  distance  and  charge. 
He  also  employed  it  to  make 
corresponding  magnetic  measure- 
ments, as  described  in  Chapter 
VIII.  The  instrument  (Fig.  5) 
consists  essentially  of  a  fine  silver 
wire,  w,  suspended  within  a  glass 
case  from  a  brass  head,  B,  and 
carrying  at  its  lower  extremity  a 
light  lever,  ab,  made  of  shellac,  or 
some  light  insulating  substance. 
This  lever  moves  in  a  horizontal 
plane,  and  is  furnished  at  one  ex- 
tremity, 5,  with  a  gilt  pith  ball. 
The  brass  suspension  head,  B, 

fits  into  a  brass  tube,  in  which  it  can  be  easily  rotated, 
and  carries  a  pointer  which  moves  over  a  brass  disc,  D,  on 
which  is  cut  a  circular  scale  divided  into  degrees.  This 
arrangement  for  the  suspension  and  control  of  the  wire  is 
called  the  Torsion  head.  On  that  portion  of  the  glass  case 
which  encloses  the  lever  a  scjile,  ss,  is  etched  round  its 
circumference  at  the  level  of  the  horizontal  axis  of  the 
lever,  and  through  an  aperture  in  the  cover  a  second  gilt 


Fig.  5. 
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pith-ball,  c,  attached  to  the  end  of  a  glass  rod,  g,  can  be 
introduced  in  the  position  shown  in  the  figure.  To 
absorb  moisture  and  thus  improve  the  insulation  a  small 
vessel,  V,  containing  calcium  chloride,  or  pumice  stone 
soaked  in  sulphuric  acid,  is  placed  in  the  bottom  of  the  case. 
The  principle  of  the  action  of  the  instrument  consists  in 
balancing  the  force  of  repulsion  between  the  two  charged 
balls,  b  and  c,  against  the  torsion  of  the  wire.  The  torsion 
head  is  adjusted  until  the  balls,  b  and  c,  are  lightly  in 
contact.  The  pointer  of  the  torsion  head  should  then  be 
at  the  zero  of  its  scale,  and  the  ball  b  should  be  opposite 
the  zero  of  the  scale  ss.  The  ball  c  is  now  removed  and 
charged ;  on  being  replaced  it  shares  its  charge  with  6,  and 
mutual  repulsion  ensues.  As  a  result,  b  is  repelled  until 
the  moment  of  the  force  due  to  the  torsion  on  the  wire 
balances  that  due  to  the  force  of  repulsion  between  the 
balls.  As  the  instrument  is  used  to  make  comparative 
measurements  of  electrical  force,  it  is  evidently  essential 
that  the  law  connecting  the  angle  of  torsion  with  the  force 
producing  it  should  be  known.  "  The  law  is  known  from 
experiment,  and  it  is  found  that  the  angle  of  torsion  is 
directly  proportional  to  the  couple  producing  it ;  that  is,  for 
example,  the  couple  necessary  to  twist  a  given  wire  through 
20°  is  twice  as  great  as  that  necessary  to  twist  it  through 
10°.  Hence,  if  in  one  experiment  the  force  of  repulsion 
between  the  charged  balls  is  sufficient  to  repel  b  through 
10°,  and  in  a  second  experiment  it  is  sufficient  to  repel  it 
through  20°,  then  the  force  due  to  torsion  is  twice  as  great 
in  the  second  case  as  in  the  first.  But  before  we  can  com- 
pare the  charges  on  the  balls  in  this  way,  we  must  eliminate 
the  effect  due  to  the  change  of  distance  between  the  balls. 
This  can  be  done  by  adjusting  the  torsion  head  so  that 
the  distance  between  the  balls  shall  be  the  same  in  each 
experiment.  Thus  in  the  example  given  above  the  distance 
between  the  balls  in  the  second  experiment  is  twice  as 
great  as  in  the  first  experiment,  but  by  turning  the  torsion 
head  so  as  to  force  b  nearer  to  c,  the  ball  b  may  be  brought 
back  to  its  position  in  the  first  experiment  at  10°  from  c. 
Let  it  be  necessary  in  order  to  effect  this  adjustment  to  turn 
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the  torsion  head  through  70°.  The  twist  on  the  wire  is  now 
70°  due  to  the  torsion  head  above,  and  10°  due  to  the  deflec- 
tion of  the  lever  below,  that  is,  80°  in  all.  In  the  first 
experiment  the  torsion  head  was  untouched,  and  the  twist 
on  the  wire  was  due  only  to  the  10°  deflection  of  the  lever. 
Hence  at  the  same  distance  apart  the  force  of  repulsion 
between  the  balls  is  eight  times  as  great  in  the  second  case 
as  in  the  first — that  is,  the  charge  on  each  ball  is  ^8,  or 
2v/2  times*  as  great  in  the  second  case.  Similarly  from 
the  data  of  the  second  experiment  the  law  of  inverse  squares 
can  be  verified.  Assuming  what  is  approximately  true  only 
for  small  angles,  th:it  the  linear  distance  between  the  balls 
is  proportional  to  their  angular  distance,  we  see  that  by 
halving  the  distance  between  the  balls,  the  force  of  repul- 
sion is  increased  to  four  times  its  original  value.  For  when 
the  deflection  is  20°  the  twist  on  the  wire  is  also  20°,  but 
when  the  deflection  is  reduced  to  10°,  the  twist  on  the  wire 
has  to  be  increased  to  80°.  Similarly  in  one  of  Coulomb's 
experiments  the  angle  of  deflection  after  charging  the  balls 
was  found  to  be  36°,  the  corresponding  twist  on  the  wire 
being  also  36°.  To  reduce  this  deflection  to  18°  it  was 
found  necessary  to  turn  the  torsion  head  through  126°, 
thus  producing  a  twist  of  144°  (126°  + 18°)  on  the  wire. 
That  is,  by  halving  the  distance  between  the  charges,  the 
force  exerted  between  them  was  increased  fourfold,  as  shown 
by  the  increase  of  the  balancing  twist  on  the  wire  from 
36°  to  144°.  Coulomb  also  investigated  the  force  of  attrac- 
tion between  two  oppositely  charged  balls,  by  comparing 
the  relative  amounts  of  torsion  required  to  keep  them  at 
different  distances  apart. 

The  method  of  calculation  adopted  above  gives  approxi- 
mately correct  results  only  when  the  angle  of  deflection  t  is 
small — say  less  than  10°.  For  large  angles,  a  more  correct 
method  (see  Ex.  I.  5)  should  be  employed ;  but  owing  to  the 

*  From  the  formula,  /  =  ^  /  is  evidently  proportional  to  #2, 

that  is,  q  is  proportional  to  Vf,  d  being  constant.    The  balls  b  and  o 
are  here  supposed  to  possess  equal  charges,  each  denoted  by  q. 
f  The  law  of  torsion  is  true  for  all  angles,  large  or  small. 
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difficulty  of  ensuring  good  insulation,  the  disturbing  effect 
of  the  size  of  the  balls,  and  various  other  defects,  the  experi- 
mental results  obtained  with  the  Torsion  Balance  are  very 
rough,  and  it  is  therefore  of  no  practical  value  to  adopt 
rigorously  exact  mathematical  methods.  Further,  owing  to 
the  advance  of  electrical  science,  the  methods  of  measure- 
ment have  greatly  changed,  and  the  Torsion  Balance  is  now 
but  seldom  used  and  is  of  little  more  than  historical 
interest. 

9.  Energy  of  Electrification,  An  electrified  body  is  capable 
of  attracting  and  repelling  other  electrified  bodies,  and  is  thus 
capable  of  doing  work.  This  implies  that  the  electrification 
of  any  body  is  associated  with  a  gain  of  energy,  and  hence 
before  a  body  can  be  electrified  work  must  be  done.  The 
mechanical  work  done  during  friction  does  not  furnish  the 
energy  of  electrification,  for  we  have  already  seen  that  it 
has  no  direct  bearing  on  the  quantity  of  electricity  pro- 
duced. Electricity  itself,  whatever  be  its  nature,  is  not 
energy.  Hence  we  have  to  consider  how  this  energy  is 
produced  and  in  what  it  consists.  It  has  already  been 
stated  that  when  electrification  is  produced  by  the  contact 
or  friction  of  two  dissimilar  substances,  these  substances 
become  oppositely  electrified.  Hence,  during  contact,  the 
substances  attract  one  another,  and  the  work  that  has  to 
be  done  against  this  force  of  attraction  before  the  substances 
can  be  separated  is  the  equivalent  of  their  energy  of  electri- 
fication. 


10.  CALCULATIONS. 

THE  force  exerted  in  air  between  two  small  bodies  having  charges 
q  and  q',  and  separated  by  a  distance  d,  is  given  by/  =  ^.  1.  Art.  6. 

If  q  and  q'  are  expressed  in  terms  of  the  unit  defined  in  Art.  6,  and 
d  in  centimetres,  then  /  is  given  in  dynes.  The  direction  of  the 
force  is  along  the  line  joining  the  two  bodies. 

The  intensity  at  any  point  of  the  field  due  to  any  charge  or 
system  of  charges  is  determined  in  magnitude  and  direction  by 
the  force  which  a  unit  positive  charge  would  experience  iC  placed 
at  that  point.  Thus  at  a  point  at  a  distance  r  from  a  charge  q  the 
intensity  of  field  due  to  that  charge  is  given  by  — 

OJLl  or  !,- 
•/•*          r2 

EXAMPLES  I. 

1.  Two  small  spheres  are  charged  respectively  with  6  units  of 
positive  and  4  units  of  negative  electricity.  Find  the  force  between 
them  when  they  are  placed  12  cms.  apart. 

Here  —  q   =       6  units  of  quantity 


q   = 
d  = 


=  -  4 

12  cms. 


That  is,  either  sphere  attracts  the  other  along  the  line  joining 
them  with  a  force  of  £  dyne. 

2.  A  small  brass  ball  is  charged  with  12  units  of  positive  elec- 
tricity, and  is  then  placed  in  contact  with  an  equal  and  similar  brass 
ball.  "  Find  the  force  exerted  between  the  balls  when  they  have 
been  separated  by  9  centimetres. 

On  contact  the  two  balls,  being  equal,  will  share  the  charge  of  12 
units  equally  between  them,  and  will  therefore  each  have  a  charge 
of  6  units. 

Hence,  we  have  — 

36 

/=(9?  = 

That  is,  either  ball  repels  the  other  along  the  line  joining  them  with 
a  force  of  $  dyne. 
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3.  A  brass  ball  is  charged  with  100  units  of  positive  electricity. 
Find  the  intensity  of  the  field  due  to  this  charge  at  a  distance  of 
50  cms.  from  the  ball. 

The  intensity  of  the  field  at  the  point  considered  is  measured  by 
the  force  which  a  positive  unit  of  electricity  would  experience  if 
placed  at  that  point.  Here,  therefore,  we  have — 


100  x   1 

50* 


That  is,  the  intensity  of  the  field  at  a  point  50  cms.  from  the  charge 
is  -5*5-  dyne,  in  a  direction  away  from  the  charge. 

4.  In  an  experiment  with  the  torsion  balance  the  lever  was 
deflected  through  10°.  Find  the  torsion  necessary  to  reduce  this 
deflection  to  5°,  supposing  the  charges  on  the  balls  to  remain 
constant. 

If  the  deflection  be  reduced  from  10°  to  5°,  that  is,  halved,  the 
force  exerted  between  the  charged  balls  will  be  quadrupled,  and 
therefore  the  torsion  on  the  wire  must  be  quadrupled.  Hence  if  the 
torsion  head  be  turned  through  T°  before  the  deflection  is  reduced  to 
5°,  the  twist  on  the  wire  will  be  (T  +  5),  and  we  must  have — 


T  +  5  =    4  x  10, 
or  T  =  40  -    5 
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5.  In  an  experiment  with  the  torsion  balance  the  lever  is  deflected 
through  90°.  Find  the  torsion  necessary  to  reduce  this  deflection 
to  60°. 

[In  this  example  the  deflections  are  too  large  to  admit  of  the 
application  of  the  method  of  the  preceding  example,  and  the  follow- 
ing more  exact  method  must  be  adopted.] 

Let  the  balls  each  be  supposed  to  carry  a  charge  g.  Then  from 
Fig.  6  we  have— 


Fig.  6. 


•          (A  B)2 
where/,  denotes  the  force  of  repulsion  between  the  balls  when  the 
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deflection  is  90°.     The  moment  of  this  force  round  0  =  /.  x  O  C  — 
,    OG  ** 

q   (AB)2' 
Similarly,  if  /2  denote  the  force  exerted  between  tlie  balls  when  the 

O  0' 
deflection  is  60°,  we  have  the  moment  of /2  round  0  =  (f         '  y 

Now  these  moments  are  in  each  case  balanced  by  the  moment  due 
to  the  torsion  on  the  wire,  and  as  the  moment  of  torsion  is  propor- 
tional to  the  angle  of  torsion  we  have — 

90  =  T  •••• 

where  T  denotes  the  twist  on  the  wire  when  the  deflection  is  60°. 

.     on  •  T  •  -     °C     •     OC' 
*  (AB)*  '  (AB')" 

or 

90_OC        /AB'\2 

T  ~  oc' x  ( TTT;  ' 

And  from  the  geometry  of  the  figure — 

0  C        V  2         A  B' 2  1 

OC'  =  ^73          AB"  ~ 


00 

•'•  OO'*VAB;  ~  A/3  *  2 


That  is,  T  =  220°.45  nearly. 

To  produce  this  twist  on  the  wire,  the  torsion  head  must  be  turned 
through  220.45  -  60  =  160°.45. 

[If  this  question  be  worked  by  the  method  of  Ex.  4  we  have — 

90  _  /2\2      4 

T  ™  W  =  »' 

,.  T  =  ™  =  202°.5. 
That  is,  the  torsion  head  must  be  turned  through  202.5  —  60  =  142°.5]. 

6.  A  small  brass  sphere  is  charged  with  30  units  of  positive 
electricity,  and  is  then  made  to  touch  another  equal  sphere  having 
a  charge  of  10  units  of  negative  electricity.  Find  the  force  exerted 
between  the  charged  spheres  when  they  are  separated  by  a  distance 
of  10  cms. 
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7.  Two  charges  of  +  10  and  —  10  units  are  placed  at  two  corners 
of  an  equilateral  triangle  of  10  cm.  side.     Find  the  magnitude  and 
direction  of  the  resultant  force  acting  on  a  charge  of  +  10  units 
placed  at  the  third  corner  of  the  triangle. 

8.  Three  charges  of  +  10,  +  20,  and  —  10  units  are  placed  at  three 
corners  of  a  square  of  1  metre  side.     Find  the  intensity  of  the  field 
at  the  fourth  corner  due  to  these  three  charges. 

9.  Two  equal  positive  charges  of  10  units  each  are  placed  at  the 
extremities  of  the  diameter  of  a  circle  of  5  cms.  radius.     Find  the 
intensity  of  the  field  due  to  these  charges  at  the  middle  point  of  the 
semicircular  arc  joining  the  charges. 

10.  Assuming  the  balls  on  the  lever  and  rod  of  a  torsion  balance 
to  be  equal,  compare  the  charges  given  to  the  latter  when  the  deflec- 
tions produced  are  respectively  10°  and  15°. 

11.  In  an  experiment  with  the  torsion  balance  a  deflection  of 
5°  is  produced.     Explain  in  what  direction  and  how  far  the  torsion 
head  must  be  turned  to  increase  this  deflection  to  15°. 

12.  Six  equal  charges  are  placed  at  the  corners  of  the  base  of  a 
hexagonal  pyramid.     If  the  slant  height  of  the  pyramid  is  equal  to 
the  diameter  of  its  base,  find  the  intensity  of  the  field  at  the  apex 
due  to  the  charges  at  the  base. 


CHAPTER  II. 
ELECTROSTATIC  INDUCTION. 

11.  General  Phenomena.  Let  us  consider  what  takes  place 
when  a  neutral  insulated  conductor,  AB  (Fig.  7),  is  placed 
in  the  neighbourhood  of  a  positively  charged  conductor,  C. 
The  medium  surrounding  AB  is  in  a  state  of  strain,  and 
the  electric  force  at  a  point  near  A  being  greater  than  at 
a  point  near  B,  positive  electricity  is  urged  from  A  to  B. 


N 


B 


Fig.  7. 

Since  AB  is  a  conductor,  it  is  unable,  like  the  surrounding 
medium,  to  set  up  any  opposing  stress,  and,  as  a  result, 
positive  electricity  passes  from  A  to  B,  the  end  B  thus 
becoming  positively  electrified  and  the  end  A  negatively 
electrified.  This  action,  to  which  every  neutral  conductor 
placed  in  an  electric  field  is  subjected,  is  called  electrostatic 
induction.  In  simple  terms  it  may  be  said  that,  in  the  case 
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considered,  the  positive  electricity  on  C  acts  inductively  on 
AB,  attracting  negative  electricity  to  the  end  A,  and  repel- 
ling positive  to  the  end  B.  As  before  (Art.  5),  however, 
the  student  must  be  warned  that  this  is  merely  a  convenient 
way  of  expressing  the  facts;  it  is  a  somewhat  misleading 
way,  for  the  function  of  the  medium,  the  most  important 
factor  of  the  phenomenon,  is  liable  to  be  lost  sight  of,  but 
for  the  purposes  of  speaking  and  writing  it  is  concise  and 
convenient. 

As  a  result  of  this  inductive  action  it  is  evident  that  AB 
is  attracted  by  the  charged  conductor  C,  for,  the  negative 
charge  at  A  being  nearer  C  than  the  positive  charge  at  B, 
the  force  attracting  the  former  is  greater  than  that  repelling 
the  latter,  and  therefore  the  conductor  AB  is,  on  the  whole, 
attracted  by  C.  This,  then,  explains  why  neutral  bodies 
are  attracted  by  electrified  bodies — the  latter  act  inductively 
on  the  former,  and  mutual  attraction  is  the  result. 

From  what  has  been  said  it  is  evident  that  only  conduct- 
ing bodies  can  be  acted  on  inductively.  For  example,  in 
Fig.  7,  imagine  the  conductor  AB  to  be  removed,  and  the 
space  it  occupied  to  be  filled  with  air.  The  stress  in 
the  medium  external  to  this  space  urges  positive  electricity 
from  A  to  B,  but  the  air,  being  an  insulating  substance,  is 
able  to  set  up  an  opposing  stress,  and  thus  no  separation 
of  electricity  is  produced.  Similarly,  if  the  space  AB  be 
supposed  to  be  occupied  by  any  insulating  substance,  little 
or  no  electrical  separation  can  result  from  the  inductive 
action  to  which  it  is  subjected  on  account  of  its  position  in 
the  electric  field.  As  a  direct  consequence  of  this  it 
follows  that  insulating  substances  are  but  slightly  attracted 
by  an  electrified  body.  Experiment  indicates  that  this  is 
the  case,  for  if  a  rod  of  sealing-wax,  ebonite,  or  other 
imperfect  insulator,  be  suspended  as  in  Fig.  3,  it  will  be 
found  that  it  is  but  feebly  attracted  by  electrified  bodies 
which  strongly  attract  a  similar  rod  of  wood  or  other 
light  conducting  substance. 

Let  us  again  consider  the  inductive  action  of  a  charged 
conductor  C  on  two  small  conductors  A,  B  (Fig.  8),  con- 
nected by  a  wire  or  tl-read  of  conducting  substance.  A  and 
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B,  together  with  the  connecting  wire,  form  one  conductor, 
and   therefore,    as   explained   above,    under   the   inductive 


Fig.  8. 

action  of  the  charge  on  C,  negative  electricity  is  attracted 
to  A  and  positive  repelled  to  B.  While  this  distribution  of 
electricity  obtains,  the  connection  between  A  and  B  may  be 
cut  by  an  insulated  pair  of  scissors,  and  the  conductors 
A  and  B  will  retain  their  induced  charges. 

Similarly,  if  B  be  removed  and  A  connected  by  a  wire  to 
the  earth,  negative  electricity  is  attracted  to  A,  and  positive 
repelled  to  earth,  and,  when  the  wire  is  removed,  A  is  left 
negatively  charged.  The  same  result  may  be  obtained  by 
touching  A  with  the  finger  instead  of  connecting  it  to  earth 
by  means  of  a  wire — the  positive  electricity  is  then  repelled 
through  the  body  to  the  earth,  and,  on  removing  the  finger, 
A  is  left  negatively  charged  as  before.  Hence,  when  a 
body  is  charged  in  this  way — by  induction — the  sign  of  its 
charge  is  opposite  to  that  of  the  inducing  charge.  If,  in 
the  case  illustrated  by  Fig.  8,  the  conductor  B  be  touched 
with  the  finger  for  an  instant,  the  positive  charge  repelled 
into  it  by  C  is  further  repelled  to  the  earth.  Hence,  on 
removing  the  finger,  B  is  left  neutral,  and  A  negatively 
charged  as  at  first.  If,  however,  C  be  now  removed,  this 
negative  charge  on  A  is  freed  from  the  attraction  of  the 
charge  on  C;  that  is,  it  ceases  to  be  "  bound,"  and  is  free  to 
distribute  itself  over  the  whole  conductor  formed  by  A,  B, 
and  the  connecting  wire.  Further,  if  instead  of  touching 
B  the  finger  be  placed  upon  A,  the  positive  charge  originally 
repelled  to  B  will  now  be  repelled  thi  ough  the  body  of  the 
experimenter  to  the  earth  as  the  most  distant  conductor, 
and  the  negative  charge  in  A,  being  bound  by  the  attraction 
of  the  charge  in  0,  will  not  be  disturbed,  so  that  on  re 
moving  the  finger  the  result  is  similar  to  that  obtained 
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on  touching  B.  Henee,  we  may  say,  generally,  that  if 
an  insulated  conductor,  or  system  of  connected  conductors, 
be  subjected  to  induction,  electrical  separation  results,  and 
a  charge  of  sign  opposite  to  that  of  the  inducing  charge 
is  attracted  by  the  latter  to  the  nearer  portions  of  the 
system,  while  a  charge  of  the  same  sign  is  repelled  to  the 
more  distant  portions.  Also,  if  any  point  of  the  system 
be  connected  to  earth,  the  repelled  charge  passes  to  earth, 
leaving  the  portions  originally  occupied  by  it  neutral,  and 
producing  no  change  in  the  distribution  of  the  attracted 
charge.  If,  however,  the  inducing  charge  be  removed,  this 
"bound"  charge  is  free  to  distribute  itself  over  the  whole 
system. 

If  an  insulated  conductor  be  placed  in  an  electric  field 
due  to  several  charges,  each  of  the  latter  acts  inductively 
on  it,  and  the  total  effect  produced  is  the  sum  of  these 
individual  actions.  For  example,  if  an  insulated  con- 
ductor be  placed  midway  between  two  similar  and  equally 
charged  conductors,  the  two  inductive  actions  balance  one 
another,  and  the  electrical  condition  of  the  conductor  is 
not  affected.  Similarly,  if  several  insulated  conductors  be 
placed  in  an  electrical  field,  each  is  acted  on  inductively, 
not  only  by  the  charges  to  which  the  field  is  due,  but  also 
by  the  induced  charges  on  the  other  conductors;  that  is, 
the  distribution  on  any  one  conductor  is  determined  by  the 
distribution — initial  and  induced — on  all  other  conductors 
in  the  field. 

From  what  has  been  said  in  Art.  6  it  will  be  evident 
that  induction  is  modified  by  the  medium  through  which  it 
takes  place.  For  example,  in  the  case  illustrated  by  Fig.  7, 
the  electrical  displacement  resulting  from  the  inductive 
action  of  C  on  AB  will  vary  with  the  nature  of  the  sur- 
rounding medium,  and  the  variation  depends  on  the  same 
property  of  the  medium  as  that  which  determines  the 
variation  of  the  electric  force  between  two  charged  bodies. 
Here,  however,  we  have  to  consider  the  induced  charge  due 
to  a  given  intensity  of  field  at  the  point  where  the  con- 
ductor subjected  to  induction  is  placed,  whereas  in  Art.  6 
we  are  dealing  with  the  intensity  at  any  point  of  the  field 
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due  to  a  given  charge.  Hence  induction  will  vary  directly 
with  that  property  of  the  medium  on  which  force  inversely 
depends,  that  is,  the  value  of  the  constant  K  for  any 
medium  determines  the  facility  with  which  electrostatic 
induction  takes  place  through  it,  and  gives  this  inductive 
power  or  inductive  capacity  of  the  medium  relative  to  dry 
air  taken  as  a  standard.  For  example,  if  for  any  medium 
the  value  of  K  is  2,  then  induction  takes  place  twice  as 
well  through  that  medium  as  through  air.  That  is,  the 
specific  inductive  capacity  of  the  medium  relative  to  air 
as  a  standard  is  denoted  by  2. 

12.  The  Gold-leaf  Electroscope.  A  simple  form  of  this 
instrument  is  shown  in  Fig.  9.  It  consists  essentially  of 
two  rectangular  strips  of  thin  gold  leaf  (g,  g)  attached  by 
their  upper  edges  to  a  short  T-piece  of  brass,  which  forms 
the  lower  extremity  of  a  thin  brass 
rod,  b.  This  rod  passes  through  the 
stopper  S  of  the  glass  case  G,  and 
carries  a  small  circular  brass  disc, 
D,  at  its  upper  extremity.  This 
disc  is  sometimes  called  the  cap  of 
the  instrument.  The  glass  case 
which  is  fixed  on  the  base  board  of 
the  instrument  serves  to  protect  the 
leaves  and  also  to  insulate  the  brass 
rod  6.  In  order  to  improve  this 
insulation  the  stopper  S  is  stuffed 
with  shellac  or  some  good  insulating 
substance,  and  the  outer  surface  of 
the  glass  is  lightly  varnished  with 
good  shellac  varnish.  This  pre- 
vents the  formation  of  a  film  of 
moisture  on  the  outer  surface  of 
the  case,  and  the  interior  is  kept 
dry  by  means  of  calcium  chloride,  or  pumice  stone  soaked 
in  sulphuric  acid,  contained  in  a  small  vessel,  V.  The 
principle  of  action  of  the  instrument  depends  upon  the 
fact  that  two  similarly  charged  bodies  repel  one  another. 
If  a  charge  is  given  to  the  cap  of  the  electroscope  it  com* 

Mag. 


Fig.  9. 
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municates  a  portion  to  the  gold  leaves,  which  thus  become 
similarly  charged  and  repel  each  other.  Being  very  light 
this  repulsion  is  at  once  indicated  by  a  divergence  of  the 
leaves.  For  example,  if  the  brass  cap  be  lightly  beaten 
with  a  piece  of  fur,  the  electrification  of  the  brass  is 
at  once  indicated  by  a  slight  but  gradually  increasing 
divergence  of  the  leaves. 

By  means  of  this  convenient  instrument,  the  phenomena 
described  in  the  preceding  article  are  readily  illustrated. 
Thus,  if  a  charged  ebonite  rod  be  brought  near  the  cap  of 
an  electroscope,  the  leaves  at  once  diverge,  showing  that 
induction  is  taking  pi  tee,  the  negative  charge  on  the  rod 
being  supposed  to  attract  positive  electricity  to  the  cap,  and 
to  repel  negative  to  the  leaves.  If,  while  the  leaves  still 
diverge,  the  cap  be  touched  with  the  finger,  they  at  once 
collapse,  showing  that  the  negative  charge  originally  repelled 
to  the  leaves  now  passes  to  earth,  the  attracted  positive 
remaining  "  bound  "  on  the  cap.  If  the  charged  rod  be  now 
removed,  this  bound  charge  spreads  to  the  leaves,  and  they 
will  be  seen  to  again  diverge,  but  this  time  with  positive 
instead  of  negative  electricity.  The  electroscope  is  now 
charged  inductively  with  a  charge  of  opposite  sign  to  that 
on  the  ebonite  rod.  If  it  be  required  to  charge  the  leaves 
with  a  charge  of  the  same  sign,  it  cannot  be  readily  done  by 
bringing  the  charged  rod  into  direct  contact  with  the  cap ; 
for  the  rod,  being  an  insulator,  will  not  readily  communi- 
cate its  charge  to  the  cap,  and  the  only  effect  of  the  contact 
is  to  intensify  the  induction  by  the  close  proximity  of  the 
inducing  charge.*  One  method  of  obtaining  the  desired 
result  is  to  charge  any  insulated  conductor  by  the  inductive 
action  of  the  rod,  and  then  to  charge  the  electroscope  by  the 
induction  of  the  charge  on  this  conductor. 

The  nature  of  the  charge  on  any  body  can  be  readily 
determined  by  means  of  the  electroscope.  Suppose  the 
instrument  to  be  positively  charged,  say  by  the  induction 

*  If  this  experiment  be  tried,  it  will  be  found  that  the  electroscope 
becomes  slightly  charged  by  induction,  owing  to  the  escape  of  some 
of  the  repelled  charge  from  the  thin  edges  of  the  gold  leaves.  The 
rod  must  not  be  too  strongly  excited,  or  the  leaves  may  be  torn  off. 
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of  a  charged  ebonite  rod.  If  a  negatively  charged  body — 
for  example,  the  ebonite  rod  just  used — be  now  brought 
near  the  electroscope,  negative  electricity  is  repelled  to  the 
leaves,  and  partially  neutralises  their  positive  charge.  As 
a  result,  the  leaves  partially  collapse,  and  if  the  charged 
body  be  brought  nearer  the  cap,  they  may  be  made  to  totally 
collapse,  and  finally  again  diverge,  with  excess  of  the  re- 
pelled negative  charge.  Similarly,  if  a  positively  charged 
body,  such  as  an  excited  glass  rod,  be  brought  near,  a 
positive  charge  is  repelled  to  the  leaves  and  increases  the 
positive  charge  they  already  possess,  that  is,  the  diver- 
gence of  the  leaves  is  increased.  Hence,  if  an  electroscope 
be  charged  with  electricity  of  a  given  sign,  the  approach 
of  a  similarly  charged  body  causes  increased  divergence  of 
the  leaves,  but  the  approach  of  an  oppositely  charged  body 
causes  first  a  diminished  divergence,  then  total  collapse,  and 
finally  a  re-divergence  of  the  leaves.  Unless  this  second 
divergence  takes  place  the  latter  test  is  not  conclusive,  for 
if  a  neutral  conducting  body  be  brought  near  a  charged 
electroscope,  the  leaves  show  a  very  sensible  decrease  of 
divergence ;  for  example,  if  the  hand  be  held  over  the  cap  of 
a  charged  electroscope,  the  divergent  leaves  at  once  partially 
collapse.  This  is  due  to  the  fact  that  the  neutral  body  is 
acted  on  inductively  by  the  charge  in  the  electroscope,  and 
the  attraction  of  the  nearer  induced  charge  withdraws  some 
of  the  inducing  charge  from  the  leaves  to  the  cap  of  the 
instrument,  and  thus  causes  a  partial  collapse.  This  effect 
of  a  neutral  body  will  evidently  be  more  or  less  marked, 
according  as  the  body  is  a  good  or  bad  conductor ;  for 
example,  with  a  perfect  insulator  no  such  effect  would  be 
observed,  for  no  electrical  displacement  would  result  from 
the  inductive  action  of  the  charge  in  the  electroscope,  but 
the  greater  the  conductivity  of  the  body  the  more  com- 
plete is  this  displacement,  arid  the  more  marked  is  the 
effect  on  the  electroscope.  Hence,  this  effect  indicates  a 
rough  method  of  testing  the  relative  conductivity  of  dif- 
ferent substances,  but  it  is  essential  that  the  test  for  each 
substance  be  made  under  exactly  similar  conditions.  The 
relative  conductivity  of  different  substances  may  also  be 
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exhibited  by  means  of  the  following  experiment,  illustrative 
of  induction.  A  metal  can,  C  (Fig.  10),  is  insulated  from 
the  earth  by  means  of  a  block  of  paraffin,  I,  and  connected 
by  a  wire,  a  b,  with  the  cap  of  an  electroscope,  E.  On  bring- 
ing a  charged  body  near  C,  the  leaves  of  the  electroscope  at 
once  diverge,  showing  that  the  repelled  charge  passes  from 
C,  through  «.&,  to  E.  By  varying  the  material  of  the  con- 
nection ab,  it  will  be  found  that  the  divergence  of  the  leaves 
varies  with  the  conductivity  of  the  material ;  for  example, 
with  metal  wire  the  divergence  is  immediate  and  distinct, 
with  dry  silk  thread  no  divergence  is  obtained,  with  dry 
cotton  thread  the  effect  is  not  quite  so  marked  as  with  wire, 
with  a  wet  thread  (silk  or  cotton)  the  divergence  is  quite 
distinct,  and  with  no  connection  other  than  the  intervening 
air  no  divergence  is  obtained.  These  results  show  that  air 
and  dry  silk  are  insulators,  metals  and  water  good  conduc- 
tors, and  cotton  a  partial  conductor.  Perhaps  the  readiest 
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Fig.  10. 

test  of  the  conductivity  of  any  given  substance  is  afforded 
by  the  result  of  touching  the  cap  of  a  charged  electroscope 
with  the  substance  in  q-uestion.  If  that  substance  be  a  con- 
ductor, the  instrument  is  at  once  discharged  and  the  leaves 
collapse  ;  if  a  perfect  insulator,  then  no  effect  is  produced ; 
but  if  a  partial  conductor  (or  insulator),  then  the  electro- 
scope is  gradually  discharged,  and  the  leaves  slowly  collapse, 
the  relative  rapidity  of  collapse  giving  a  rough  indication  of 
the  relative  conductivity  of  the  substances. 

Being  now  able  by  means  of  the  electroscope  to  determine 
the  nature  of  any  given  charge,  we  can  proceed  to  verify 
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the  statements  made  in  the  preceding  article  with  regard 
to  the  distribution  of  electricity  on  a  conductor  subjected 
to  the  inductive  action  of  a  neighbouring  charge.  For 
example,  in  the  case  illustrated  by  Fig.  7  a  negative  charge 
is  supposed  to  be  collected  at  the  end  A  of  the  conductor 
AB  and  a  positive  charge  repelled  to  the  end  B.  If  a  proof- 
plane  (Art.  4)  be  placed  in  contact  with  AB  at  A  it  should 
on  removal  possess  a  negative  charge ;  on  testing  it  at  the 
electroscope  it  will  be  found  that  this  is  so.  Similarly,  if 
the  charge  on  the  end  B  be  tested  it  will  be  found  to  be 
positive.  Further,  if  different  points  on  the  surface  of  AB 
be  tested,  it  will  be  found  that  about  one  half  of  the  con- 
ductor, from  A  to  N,  is  negatively  charged,  while  the  other 
half,  from  N  to  B,  is  positively  charged,  but  that  the  degree 
of  electrification  very  rapidly  decreases  from  the  ends 
towards  the  middle  of  the  conductor.  At  the  boundary 
line  between  the  two  charges  the  electrification  is  nil,  and 
this  line  is  therefore  sometimes  called  the  neutral  line. 
Again,  if  AB  be  touched  at  any  point,  C  still  remaining  in 
position,  testing  as  before  will  show  that  the  distribution 
of  the  negative  charge  is  much  the  same  as  before,  but  that 
the  surface  originally  charged  with  positive  electricity  is 
now  neutral.  If,  however,  0  be  removed,  then  the  whole 
surface  of  AB  will  be  found  to  be  negatively  electrified. 
The  same  results  are  more  conveniently  illustrated  by  the 
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Fig.  11. 


following  experiments.     Two  insulated  brass  spheres,  A  and 
B  (Fig.  11),  are  placed  in  contact,  and  a  positively  charged 
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conductor,  C,  is  brought  near  them.  "Under  the  influence 
of  this  charge  a  negative  charge  is  induced  in  A  and  a 
positive  charge  in  B.  If  the  spheres  be  now  separated,  each 
retains  its  induced  charge,  and,  on  testing  by  the  electroscope, 
the  nature  of  the  charges  will  be  found  to  be  as  first  stated. 
If  either  conductor  is  touched  before  separation  is  effected, 
A  will  still  be  found  to  be  negatively  charged,  but  B  will  be 
neutral.  If,  after  touching  either  conductor,  C  is  removed 
before  separation,  then  both  A  and  B  will  be  found  to  be 
negatively  charged. 

13.  Field  of  Induction.  The  electrical  field  (Art.  7) 
surrounding  any  charged  body  is  sometimes  called  the 
field  of  induction  due  to  the  charge  on  the  body.  The 
lines  of  force  in  the  field  indicate  at  any  point  the  direction 
in  which  the  electric  force  due  to  the  charge  tends  to  effect 
electrical  displacement ;  that  is,  they  indicate  the  direction 
of  the  inductive  action,  and  for  this  reason  are  sometimes 
called  lines  of  induction.  Let  us  imagine  a  charged  insu- 
lated conductor  to  be  placed  on  a  table  in  the  middle  of 
a  room.  Each  surrounding  object  is  subjected  to  the 
inductive  action  of  this  charge ;  if  it  be  a  conductor,  then 
electrical  separation  takes  place  without  producing  any 
strain  in  the  substance,  and  therefore  without  calling  up 
any  opposing  stress ;  if  an  insulator,  then  slight  electrical 
displacement  takes  place,  until  the  stress  produced  by  the 
strain  thus  induced  balances  the  displacing  electric  force, 
and  equilibrium  obtains.  As  results,  therefore,  we  find 
induced  charges  on  the  conductors  and  a  strain  in  the  in- 
sulators. If  a  conductor  be  insulated,  then  the  repelled 
charge  on  the  side  remote  from  the  inducing  charge  trans- 
mits the  inductive  action  into  the  space  beyond ;  if  earth- 
connected,  then  the  repelled  charge  goes  to  earth,  and  the 
inductive  action  does  not  travel  further.  Thus,  in  the  case 
considered,  the  field  of  induction  is  bounded  partly  by  the 
earth-connected  walls  of  the  room,  and  partly  by  the  earth- 
connected  objects  which  intercept  the  inductive  action 
before  it  reaches  the  walls.* 

*  The  portions  of  those  walls,  which  are,  as  it  were,  in  the 
shadow  pf  these  objects,  possess  no  induced  charge. 
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If  there  be  any  gaps  in  these  walls,  or  if  any  portion 
of  them  be  made  of  insulating  material,  or  of  insulated 
conducting  material,  then  these  areas  do  not  act  as  portions 
of  the  bounding  surface,  and  the  space  beyond  them  may 
become  part  of  the  field  of  induction.  Thus,  all  conducting 
objects  within  the  room  possess  induced  charges,  and  the 
air  and  all  other  insulating  substances  in  the  field  are 
in  a  state  of  strain.  In  fact  the  field  may  be  briefly  defined 
as  all  portions  of  space  in  which  a  state  of  strain  associated 
with  the  inducing  charge  is  found.  This  definition  evi- 
dently excludes  the  interior  of  all  conducting  bodies  in  the 
field,  for  a  strain  cannot  be  produced  in  such  bodies ;  and 
this  will  be  the  case  whether  the  body  be  solid  or  hollow, 
for  in  the  latter  case,  whatever  the  cavity  may  contain,  the 
strain  cannot  be  transmitted  to  it  through  the  substance 
of  the  surrounding  conductor. 

Further,  if  a  charged  body  be  surrounded  by  an  earth- 
connected  conductor  made  of  wire  gauze,  this  conductor  will 
limit  the  field  of  induction  as  effectually  as  a  completely 
continuous  conductor,  for  the  lines  of  force  will  all  tend 
to  terminate  on  the  oppositely  charged  conducting  surface 
and  not  on  the  gaps ;  that  is,  the  inductive  action  will  be 
concentrated  on  this  surface,  and  no  strain  will  be  trans- 
mitted through  the  gaps  to  the  external  medium.  This 
result  is  evident  if  we  remember  that  a  line  of  force  may 
be  defined  as  the  direction  along  which  a  positive  unit 
of  electricity  will  travel,  for,  if  we  imagine  a  positive  unit 
to  be  repelled  by  the  inducing  charge  along  any  one  of  the 
lines  of  force  in  the  field,  we  can  understand  that,  as  it 
approaches  the  negative  charge  on  the  inner  side  of  the 
conductor,  it  will  experience  attraction  tending  to  draw 
it  up  to  this  surface  and  preventing  it  from  passing  out 
through  any  of  the  neighbouring  gaps.  This,  of  course, 
is  true  only  when  the  wires  of  the  gauze  are  sufficiently 
closely  set.  Similarly,  the  space  within  a  conducting  sur- 
face, perforated  with  a  number  of  small  gaps,  is  effectually 
protected  from  inductive  action  from  without. 

Some  of  these  facts  are  readily  illustrated  by  simple 
experiments.  For  example,  if  a  plate  of  brass,  held  in 
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the  hand,  be  placed  between  a  charged  body  and  an 
electroscope,  the  latter  will  exhibit  no  signs  of  inductive 
action,  showing  that  the  earth -con  nee  ted  brass  plate  limits 
the  field  in  the  direction  of  the  electroscope.  If,  however, 
the  plate  be  insulated,  then  its  interposition  will  not 
interfere  with  the  inductive  action  of  the  charge  on  the 
electroscope.  Similarly,  a  plate  of  glass  will  have  little 
effect  unless  its  thickness  is  considerable,  compared  with 
the  distance  between  the  charged  body  and  the  electroscope. 
In  this  case  the  result  will  be  modified  by  the  relative 
inductive  capacities  of  glass  and  air ;  for  example,  if  (as  is 
actually  the  case)  the  inductive  capacity  of  glass  be  greater 
than  that  of  air,  that  is,  if  induction  takes  place  more 
easily  through  glass  than  through  air,  then  the  effect 
will  be  increased  by  the  interposition  of  the  glass.  In 
this  connection  it  is  well  to  notice  why  the  inductive  effect 
of  a  charged  conductor  on  any  other  conductor  increases 
as  the  distance  between  the  two  diminishes.  It  is  not 
because  induction  does  not  take  place  as  well  through 
a  great  thickness  of  the  intervening  medium  as  through 
a  small  thickness,  but  because  the  portion  of  the  field 
subtending  the  surface  of  the  conductor  subjected  to 
induction  rapidly  increases  as  this  distance  decreases. 
Moreover,  as  in  the  case  of  the  non-continuous  conductor 
considered  above,  some  of  the  lines  of  force  which  would 
otherwise  pass  outside  the  conductor  are  gathered  up  so 
as  to  terminate  on  the  surface  bearing  the  attracted 
induced  charge,  and  this  effect  also  increases  as  the  distance 
between  the  inducing  and  induced  charges  diminishes. 

As  an  example  of  the  effect  of  a  conducting  enclosure,  the 
behaviour  of  an  electroscope  placed  in  a  tin  can  may  be 
noticed.  An  electroscope  so  placed  is  quite  unaffected  by 
charges  external  to  the  can,  and  this  will  be  found  to  be  the 
case  even  when  the  can  is  perforated  with  a  large  number 
of  holes — in  fact  an  enclosure  of  perforated  sheet  zinc  or 
wire  netting,  or  a  glass  case  covered  with  strips  of  tinfoil,  is 
quite  as  effective  a  screen  as  a  conducting  enclosure  with 
continuous  walls.  Professor  W.  E.  Ayrton  has  taken 
advantage  of  this  fact  in  the  construction  of  his  improved 
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form  of  Gold-leaf  Electroscope.  This  instrument  is  shown 
in  Fig.  12.  Special  precautions  indicated  in  the  figure  are 
taken  to  ensure  good  insulation  of  the  leaves,  and  the  case 
is  covered  with  tinfoil,  leaving  a  few  narrow  gaps  through 
which  the  leaves  may  be  observed.  The  leaves  are  thus 
protected  from  all  inductive  action  from  without  (not 
directed  on  the  cap  of  the  instrument),  and  the  case  being 
earth-connected  limits  the  field 
of  the  leaves  when  they  are 
charged,  and  thus  prevents 
their  divergence  being  affected 
by  inductive  action  on  external 
neutral  bodies.  It  is  also  im- 
portant to  notice  that  the  in- 
terior of  a  hollow  conductor 
is  screened,  not  only  from  the 
inductive  action  of  neighbour- 
ing charges  on  other  conductors, 
but  also  from  the  inductive 
action  of  its  own  charge,  if  it 
possess  one.  Faraday  illus- 
trated this  in  a  very  striking 
manner.  He  constructed  a 
wooden  cube  of  12  feet  edge, 
covered  it  with  tinfoil,  insulated 
it,  and  went  inside,  taking  his 
most  delicate  electroscopes  with 
him.  The  cube  was  then  strongly 
charged,  but  the  electroscopes 
were  not  in  the  least  affected.  This  result  may  perhaps 
be  explained  thus :  consider  an  insulated  conducting  body 
inside  a  positively  charged  hollow  conductor ;  the  negative 
electricity  in  the  former  may  be  considered  to  be  equally 
attracted  in  all  directions  by  the  surrounding  positive 
charge,  and  the  resultant  force  acting  on  it  is  therefore  zero. 
Similarly,  the  positive  may  be  considered  to  be  repelled 
equally  in  all  directions,  and  is  likewise  in  equilibrium. 
Hence  the  body  shows  no  induced  charge.  If,  however, 
it  be  connected  to  earth,  the  line  of  connection  is  one 
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along  which  the  positive  electricity  may  pass  to  earth, 
leaving  the  negative  electricity  bound  by  the  external 
charge.* 

These  effects  are  readily  illustrated  by  the  following 
experiment.  A  metal  can  is  placed  on  a  block  of  paraffin 
to  insulate  it  and  charged  positively,  say  by  the  inductive 
action  of  an  excited  ebonite  red.  A  smaller  can,  held  by 
an  ebonite  handle,  is  now  placed  inside  this  one,  touched 
with  the  finger,  and  then  removed.  On  testing,  it  will  be 
found  to  be  negatively  charged. 

14.  Faraday's  Ice-pail  Experiments.  If  a  charged  con- 
ductor be  suspended  by  an  insulating  thread  inside  an 
insulated  hollow  conducting  vessel  which  completely  sur- 
rounds it  (Fig.  13),  the  totalinduced  charges  will  be  found  on 
this  vessel,  the  attracted  charge  being 
on  its  inner  surface  and  the  repelled 
charge  on  its  outer  surface.  Assuming 
the  vessel  to  be  neutral  to  start  with, 
it  is  evident  that  these  two  charges 
must  be  equal  to  one  another,  for  no 
charge  has  been  communicated  to  the 
vessel;  and,  therefore,  if  the  induced 
charges  are  allowed  to  again  unite, 
that  is,  if  the  inducing  charge  is 
removed,  the  vessel  will  again  be- 
come neutral,  thus  showing  that  the  induced  charges  are 
equal  and  opposite  to  each  other.  This  tells  us  nothing  of 
the  actual  magnitude  of  these  charges — we  simply  know 
that  they  are  equal  to  one  another  and  of  opposite  sign. 
It  is  important,  however,  to  learn  whether  there  is  any 
relation  between  the  magnitude  of  the  inducing  charge  and 
that  of  the  induced  charges,  and,  if  so,  to  determine  the 
nature  of  this  relation.  With  this  object  in  view,  Faraday 

*  The  line  of  connection  being  of  conducting  material  is  neces- 
sarily one  along  which  the  external  charge  can  exert  no  force,  and, 
therefore,  the  positive  electricity  meets  with  no  opposition  along  this 
path,  and  being  repelled  in  every  other  direction,  it  escapes  by  it  to 
earth.  The  negative,  on  the  other  hand,  is  attracted  in  every  other 
direction  except  this,  and  is  therefore  held  bound  by  the  external 
charge. 
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performed  the  following  experiment,  which  has  now  become 
historical. 

An  ice-pail,  I  (Fig.  14),  is  placed  on  an  insulating  stand 
and  connected  by  the  wire,  w,  with  the  cap  of  the 
electroscope,  E.  A  positively  charged  body,  B,  suspended  by 


Fig.  14. 


a  dry  silk  thread,  is  now  slowly  lowered  into  the  pail. 
As  B  gradually  descends,  the  inner  surface  of  I  comes 
more  and  more  under  its  inductive  action,  and  a  gradually 
increasing  negative  charge  is  attracted  to  this  surface, 
while  a  corresponding  positive  charge  is  repelled  to  the 
outer  surface,  and  thence  to  E.  As  a  result  of  this  action, 
the  gold  leaves  of  the  electroscope  begin  to  diverge  as  B  is 
about  to  enter  I,  and  this  divergence  slowly  increases  as  B 
is  lowered  into  the  pail.  When,  however,  B  is  well  inside 
I,  as  shown  in  the  figure,  practically  the  whole*  of  its 
inductive  action  is  concentrated  on  the  inner  side  of  that 
vessel,  and  the  negative  charge  there  found  is  consequently 
the  total  induced  charge  of  that  sign,  while  the  positive 
charge  repelled  to  the  outer  surface  and  to  the  electroscope 
represents  the  total  induced  positive  charge.  Hence,  when 
this  result  is  obtained,  further  lowering  of  B  into  I  will  not 
affect  the  induced  charges,  and  consequently  the  divergence 

*  If  the  pail  is  not  too  wide  compared  with  its  depth,  very  few 
of  the  lines  of  force  emanating  from  B  pass  out  through  the 
opening  at  the  top.  They  are  all,  or  nearly  all,  attracted  up  to  the 
negatively  charged  inner  surface  of  the  vessel.  Cf.  Art.  J3, 
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of  the  leaves  of  the  electroscope  remains  unchanged.  If 
now  B  be  allowed  to  touch  the  inner  surface  of  I,  and  the 
leaves  of  the  electroscope  be  carefully  watched,  it  will  be 
found  that  they  are  not  in  the  least  disturbed  by  the 
contact.  Further,  if  B  be  now  removed,  it  will  be  found  to 
be  completely  discharged.  The  significance  of  these  results 
is  important.  When  B  touches  the  inner  surface  of  I  the 
positive  charge  on  the  former  combines  with  the  negative 
induced  charge  on  the  latter,  and,  since  B  is  completely 
discharged  and  the  external  charge  on  I  and  E  remains 
quite  undisturbed,  it  is  evident  that  these  two  opposite 
charges  must  exactly  neutralise  each  other,  that  is,  the 
negative  induced  charge  is  exactly  equal  in  magnitude  to 
the  positive  inducing  charge. 

Hence,  we  may  state  generally,  that  the  induced  charges 
are  equal  to  one  another,  but  of  opposite  sign,  and  the  total 
magnitude  of  either  of  the  induced  charges  is  numerically 
equal  to  that  of  the  inducing  charge.  The  first  part  of  this 
statement  applies  to  any  case  of  induction ;  that  is,  when- 
ever a  body  is  subjected  to  induction,  the  induced  charges 
are  equal  and  opposite.  In  the  second  part,  however,  the 
significance  of  the  word  total  must  be  noted — the  magnitude 
of  the  induced  charges  on  any  body  is  equal  to  that  of  the 
inducing  charge  only  when  the  whole  inductive  action  of 
the  charge  is  concentrated  on  that  body. 

15.  Illustrative  Experiments.  Let  a  number  of  metal 
cans  of  different  sizes  be  arranged,  as  shown  in  Fig.  15,  as 
a  nest  of  conductors  insulated  from  one  another,  and  let  an 
electroscope,  E,  be  connected  to  any  one  of  them  by  a  wire, 
w.  If  a  charged  body,  A,  be  now  lowered  into  the  inner 
can,  B,  the  leaves  of  the  electroscope  at  once  diverge,  no 
matter  with  which  of  the  conductors  it  is  connected.  This 
illustrates  an  effect  which  is  sometimes  called  successive  in- 
duction. Suppose  the  charge  on  A  to  be  positive ;  then  it 
acts  inductively  on  the  inner  can,  attracting  a  negative  charge 
to  its  inner  surface,  and  repelling  a  po.-itive  charge  to  its 
outer  surface ;  this  repelled  charge  in  turn  acts  inductively 
on  the  next  can,  with  a  result  indicated  in  the  figure,  and  by 
this  successive  action  induced  charges  are  separated  on  each 
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conductor.  It  will  be  noticed  that  the  inductive  action  on 
any  one  conductor  is  due  to  the  algebraic  sum  of  the  charges 
in  its  interior ;  for  example,  in  the  case  of  the  conductor  C, 
there  are  three  equal  (Art.  14)  charges  in  its  interior,  and 
the  effective  charge,  that  is,  the  algebraic  sum  of  the  three, 
may  be  represented  by  that  on  A,  or  by  that  on  the  outer 
surface  of  the  first  can.  Hence  the  induced  charges  on 
the  second  can  are  equal  to  those  on  the  first  can,  and  each 
numerically  equal  to  the  charge  on  A.  Similarly,  the 
induced  charges  on  any  one  of  the  conductors  are  each 
numerically  equal  to  that  on  A. 

If  the  electroscope  be  connected  to  any  one  of  the  con- 
ductors, and  another  interior  to  that  one  be  touched  with 


the  finger,  it  will  be  found  that  the  electroscope  is  not 
affected  when  A  is  lowered  into  the  inner  can,  thus  show- 
ing that  the  earth-connected  conductor  limits  the  field  of 
induction.  This  result  is  evident  from  Fig.  15  ;  when  C 
is  touched  the  algebraic  sum  of  the  charges  inside  D  is  zero, 
owing  to  the  fact  that  the  odd  positive  charge  on  C  has 
escaped  to  earth.  If,  however,  a  conductor  external  to 
that  connected  with  the  electroscope,  for  example,  E,  be 
touched,  then  the  inductive  action  of  A  is  at  once  indi- 
cated by  a  divergence  of  the  leaves  of  the  electroscope. 

The  fact  that  the  inductive  action  on  any  hollow  con 
ductor  is  due  to  the  algebraic  sum  of  the  charges  in  its 
interior  has  an  important  application. 

In  Art.  5  we  have  seen  .that  when  electrification  is  pro- 
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duced  by  friction,  the  rubber  and  the  substance  rubbed 
become  oppositely  electrified.  We  are  now  able  to  show  by 
experiment  that  the  charges  so  produced  are  not  only 
opposite  in  sign,  but  equal  in  magnitude.  Two  metal  cans, 
A  and  B,  are  arranged  as  shown  in  Fig.  16,  and  insulated 

from  each  other.  The  inner, 
A,  is  lined  with  fur,  and  an 
ebonite  rod,  B,  fits  closely 
into  it.  The  outer  can,  B,  is 
connected  with  an  electro- 
scope. On  rotating  R,  electrical 
separation  takes  place,  the  fur 
becoming  positively  and  the 
rod  negatively  electrified.  If 
these  two  charges  are  un- 
i(  equal,  then  the  excess  of  the 

greater  will  act  inductively  on 

B,  and  the  leaves  of  the  electroscope  will  diverge.  Experi- 
ment, however,  shows  that  no  such  divergence  takes  p^ace, 
thus  proving  that  the  algebraic  sum  of  the  charges  in  the 
interior  of  B  is  zero,  that  is,  the  charges  produced  on  the 
rubber  and  the  body  rubbed  are  equal  in  magnitude,  but 
of  opposite  sign.  If,  however,  K  be  removed,  it  carries  the 
negative  charge  with  it,  and  the  positive  charge  in  A, 
acting  inductively  on  B,  causes  an  immediate  divergence  of 
the  leaves.  On  replacing  K,  the  leaves  at  once  collapse, 
showing  directly  that  the  charge  on  A  is  equal  and  opposite 
to  that  on  K. 

16.  The  Electrophorus.  It  is  often  desirable  to  be  able 
to  charge  a  conductor  with  electricity  of  a  given  sign.  In 
Art.  4  we  have  seen  that  an  insulator  charged  by  friction 
does  not  readily  yield  up  its  charge  to  a  conductor  placed 
in  contact  with  it,  and  cannot  therefore  be  conveniently 
used  for  this  purpose,  but  in  Art.  11  it  is  explained  how 
inductive  action  may  be  applied  to  effect  the  charging  more 
satisfactorily  than  direct  contact.  Thus,  although  a  metal 
can  is  not  appreciably  charged  by  touching  or  rubbing  it 
with  a  charged  ebonite  rod,  it  can  be  easily  charged  by 
induction.  The  rod  is  placed  in  the  interior  of  the  can  and 
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the  latter  touched  with  the  finger ;  as  a  result,  the  can  at 
once  receives  a  charge  equal  in  magnitude  but  opposite  in 
sign  to  that  on  the  rod,  and  this  is  effected  without  diminish- 
ing the  charge  on  the  rod,  so  that,  theoretically,  the  latter 
may  be  used  to  charge  any  number  of  cans  in  the  same 
way.  In  practice,  however, 
the  charge  on  the  rod  gra- 
dually escapes  owing  to  defec- 
tive insulation,  but  under 
favourable  circumstances  a 
large  number  of  charges  could 
be  obtained  without  again 
exciting  the  rod.  This  is  the 
principle  of  the  electrophorus. 
As  usually  constructed  the  in- 
strument  consists,  as  shown  in 
Fig.  17,  of  a  disc  of  ebonite,*  E, 
and  a  plate  of  brass,  B,  of  slightly  smaller  diameter,  attached 
to  an  insulating  glass  handle.  The  ebonite  is  sometimes  fixed 
in  a  brass  base  called  the  sole,  but  this  is  not  an  essential 
part  of  the  instrument,  and  is  frequently  represented  by  a 
coating  of  tinfoil  on  the  under  surface  of  the  ebonite  or  by 
the  table  on  which  the  disc  rests.  The  action  of  the 
instrument  is  indicated  in  Fig.  18.  The  ebonite  is  excited 
by  rubbing  it  with  fur,  and  a  strong  negative  charge  is 
thus  developed  on  its  surface.  The  brass  plate  is  now  laid 
on  the  surface  of  the  ebonite,  and  the  charge  on  the  latter, 
acting  inductively  on  the  plate,  attracts  positive  electricity 
to  its  lower  surface  and  repels  negative  to  its  upper  surface. 
The  brass  is  now  touched  with  the  finger  and  the  repelled 
negative  goes  to  earth,  leaving  the  positive  charge  on  the 
plate  bound  by  the  negative  on  the  ebonite.  If  the  brass 
plate  be  now  removed,  this  positive  charge  distributes  itself 
over  its  surface,  and  may  be  communicated  by  contact  to 
the  body  which  it  is  desired  to  charge,  or  applied  to  any 
other  purpose. 

*  Theoretically  any  insulating  substance  would  answer  the  pur- 
pose, but  ebonite  gives  the  best  results.  Cakes  of  sulphur,  sealing- 
wax,  and  other  resinous  substances,  are  sometimes  used. 
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It  should  be  noticed  that  when  the  brass  plate  is  laid  on 
the  ebonite,  it  does  not  receive  a  charge  by  conduction,  but 
is  acted  on  inductively.  This  is  due  to  the  fact  that  neither 
surface  being  truly  plane  the  points  of  actual  contact  are 
comparatively  few,  and  the  total  area  of  contact  is  very 
small.  Hence,  only  an  inappreciable  fraction  of  the  charge 
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Fig.  18. 

on  the  disc  can  be  directly  communicated  to  the  brass,  for 
the  ebonite,  being  an  insulator,  gives  up  only  that  portion 
of  its  charge  which  is  spread  over  the  surface  of  actual 
contact. 

To  do  away  with  the  necessity  of  touching  the  plate  with 
the  finger  each  time  it  is  charged,  a  brass  pin  connected 
with  the  sole  is  sometimes  let  into  the  ebonite  disc  in  the 
way  shown  in  Fig.  18.  The  brass  plate,  when  laid  on  the 
ebonite,  makes  contact  *  with  the  point  of  the  pin,  and  is 
thus  connected  to  earth  as  required. 

*  Actual  contact  is  not  essential ;  the  repelled  negative  from  the 
brass  will  readily  spark  across  to  the  point  of  the  pin  if  the  distance 
is  not  too  great.  See  Art.  17. 
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In  the  brief  explanation  just  given  the  action  of  the 
sole  is  not  dealt  with,  but  the  complete  explanation  will 
now  be  readily  understood.  Suppose  the  ebonite  to  be 
excited,  and  let  the  charge  on  its  surface  be  represented 
by  —  20.  This  charge  acts  inductively  in  all  directions, 
and  there  will  be  an  equal  and  opposite  induced  charge 
on  the  surface  of  the  earth-connected  conductors  in  its 
neighbourhood.  The  sole  being  the  nearest  of  these  con- 
ductors will  possess  the  greater  portion  of  this  charge,  and 
the  remainder  will  be,  say,  on  the  ceiling  of  the  room. 
Let  +16  denote  the  induced  charge  on  the  sole  and  +  4 
that  on  the  ceiling.  On  placing  the  insulated  brass  plate 
on  the  ebonite  neither  of  these  charges  will  be  disturbed, 
but  on  connecting  it  to  earth  it  is  put  in  connection  with 
the  sole,  and  the  total  inductive  action  of  the  charge  on 
the  ebonite  is  now  concentrated  on  these  two  conductors. 
Hence  the  four  units  originally  appearing  on  the  ceiling 
are  now  to  be  found  on  the  brass  plate,  and  this  conductor 
being  now  nearer  than  the  sole,  the  greater  portion  of  the 
induced  charge  will  lie  on  it.  Hence  the  distribution 
of  the  induced  charge  may  now  be  represented  by,  say, 
+  15  on  the  brass  plate  and  +  5  on  the  sole,  that  is, 
11  units  have  passed  from  the  latter  to  the  former, 
and  these  combined  with  the  four  originally  found  on  the 
ceiling  make  up  the  15  it  now  possesses.  On  removing 
the  plate  the  15  units  are  removed  with  it,  and  the  in- 
duced charge  on  the  sole  gradually  increases  until,  when 
the  plate  is  some  distance  away,  the  original  distribution 
of  16  on  the  sole  and  4  on  the  ceiling  again  obtains. 
When  the  plate  rests  on  the  ebonite  the  15  units  are 
distributed  over  its  lower  surface;  if  it  be  slowly  raisod 
vertically,  the  charge  gradually  spreads  over  the  upper 
surface,  and  when  removed  beyond  the  influence  of  the 
negative  charge  both  surfaces  are  equally  charged^ 

Hence,  when  the  plate  of  the  instrument  is  touched 
a  positive  charge  flows  out  of  the  sole,  and  when  the 
charged  plate  is  removed  a  positive  charge  flows  into  the 
sole.  These  effects  are  readily  illustrated  by  experiment. 
Place  the  charged  disc  of  an  electrophorus  on  the  cap  of 
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an  electroscope.  On  placing  the  plate  on  the  ebonite 
no  effect  is  produced,  but  on  touching  the  plate  the  leaves 
at  once  diverge  widely,  showing  that  a  portion  of  the 
charge  in  the  sole  is  now  free  and  would  pass  to  earth 
if  communication  offered.*  If  the  plate  be  now  removed 
the  leaves  will  again  collapse,t  showing  that  the  charge 
just  liberated  is  now  recalled  into  the  sole. 

It  thus  appears  that,  by  the  action  of  the  electrophorus, 
a  theoretically  unlimited  number  of  charges  can  be  obtained 
from  the  single  charge  on  the  ebonite  disc.  This  at  once" 
shows  that  electricity  cannot,  in  itself,  be  a  form  of  energy, 
for  if  it  were,  we  could,  by  the  action  of  this  instrument, 
obtain  an  almost  inexhaustible  supply  of  energy  from  the 
finite  quantity  represented  by  the  charge  on  the  disc.  If, 
however,  the  positively  charged  plate  be  held  over  a 
number  of  pith  balls  it  attracts  them  vigorously,  and  may 
be  thus  made  to  do  a  considerable  amount  of  work.  The 
plate  therefore  possesses  energy,  and  a  question  arises  as 
to  where  the  energy  which  it  receives  each  time  it  is 
charged  comes  from.  This  question  is  readily  answered. 
When  the  positively  charged  plate  lies  on  the  negatively 
charged  ebonite,  each  attracts  the  other ;  hence  in  remov- 
ing the  plate  work  has  to  be  done  against  this  force  of 
attraction,  and  the  energy  it  possesses  when  separated  from 
the  ebonite  is  equivalent  to  the  work  done  in  effecting  the 
separation,  just  as  in  lifting  a  weight  from  the  ground  the 
potential  energy  it  possesses  at  any  height  is  the  equivalent 
of  the  work  done  in  lifting  it  to  that  height.  In  the  one 
case,  work  is  done  in  moving  electricity  against  electric  force, 
and  the  potential  energy  of  the  charge  may  be  called  electric 
potential  energy;  in  the  other  case,  the  work  is  done  in 
moving  matter  against  the  attraction  of  the  earth,  and  the 

*  If  at  this  stage  the  disc  and  plate  be  removed  together  without 
discharging  the  electroscope,  the  latter  will  be  found  to  be  charged 
with  positive  electricity. 

•f  On  trying  this  experiment  it  will  be  found  that  occasionally 
the  leaves  collapse  and  re-divetge.  This  is  due  to  a  partial  escape 
of  the  freed  positive  charge  from  the  edges  of  the  leaves.  On 
removing  the  plate  an  equivalent  amount  of  negative  is  repelled  to 
the  leaves  and  causes  the  re- divergence.  See  Art.  12, 
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potential  energy  of  the  weight  is  what  is  commonly  called 
potential  energy  of  position.  If  the  electrical  potential 
energy  be  expended  in  doing  mechanical  or  chemical  work, 
in  producing  heat,  or  is  in  any  way  transformed,  its  trans- 
formation is  subject  to  the  general  law  of  the  Conservation 
of  Energy. 

In  the  above,  it  should  be  noticed  that  the  electric  poten- 
tial energy  of  the  charge  on  the  brass  plate  is  the  equivalent 
of  the  work  done  in  separating  it  from  its  inducing  charge  ; 
hence,  in  considering  the  potential  energy  of  any  charge, 
we  may  take  it  to  be  the  equivalent  of  the  work  that  would 
have  to  be  done  to  separate  it  from  its  induced  charge, 
wherever  that  exists,  or  the  equivalent  of  the  work  that 
either  would  do  in  attracting  the  other  up  to  it. 

17.  The  Electric  Spark.  If  the  knuckle  be  presented  to  the 
charged  plate  of  an  electrophorus,  it  will  be  found  that,  on 
bringing  it  within,  say,  half  an  inch  of  the  edge  of  the  plate, 
a  bright  spark  passes  between  the  knuckle  and  the  plate, 
and  at  the  same  time  a  sharp  crack  accompanying  the  spark 
is  plainly  heard,  and  a  peculiar  pricking  sensation  is  expe- 
rience d.  On  testing  the  plate  after  the  passage  of  the 
spark,  it  will  generally  be  found  to  be  completely  discharged. 
This  spark  discharge  is  due  to  the  break- down  of  the  inter- 
vening air  space,  under  the  strain  produced  by  the  attraction 
between  the  chai^ge  on  the  plate  and  the  induced  charge  on 
the  knuckle.  These  charges  unite,  and  the  potential  energy 
due  to  their  separation  is  transformed  into  the  heat,  light, 
and  sound  of  the  spark. 


CHAPTER    III. 
DISTRIBUTION  OF  ELECTRICITY  ON  CONDUCTORS. 

18.  The  Charge  resides  on  the  Outer  Surface  of  a  Charged 
Conductor.  In  Art.  3  it  has  already  been  indicated  that 
the  charge  on  an  electri6ed  body  is  distributed  over  the 
surface  of  that  body.  In  the  case  of  charged  conductors 
the  charge  is  found  on  the  outer  surface  only ;  for  ex- 
ample, if  a  charge  be  given  to  a  hollow  conductor  no 
charge  can  be  detected  on  its  inner  surface.  This  state- 
ment is  readily  established  by  a  number  of  simple  experi- 
ments. If  a  brass  ball  suspended  by  a  silk  thread  be 
placed  in  contact  with  the  inner  surface  of  a  charged 
metal  can,  it  will  be  found  on  removal  to  possess  no  charge. 
This  shows  that  no  free  charge  resides  on  the  inner  surface 
of  the  vessel,  for  when  in  contact  the  surface  of  the  ball 
formed  a  portion  of  this  surface,  and  would  therefore  have 
removed  a  corresponding  portion  of  the  charge,  had  any 
such  existed.  The  same  fact  may  be  more  directly  illus- 
trated thus.  Let  an  electroscope  be  placed  inside  a  tin  box, 
and  let  its  cap  be  connected  with  the  inner  surface  of  the 
box.  On  charging  the  latter,  the  leaves  of  the  electroscope, 
viewed  through  a  small  opening  in  the  side  of  the  box, 
show  no  divergence  even  when  the  box  is  very  strongly 
charged. 

It  is  not  essential  for  the  electroscope  to  be  connected 
with  the  inner  surface,  for  it  will  be  seen  on  consideration 
that  the  inner  surf  ace  is  connected  with  the  outer  surface  by 
the  material  of  the  box,  and  therefore  the  same  effect  will 
be  produced  whether  the  connection  be  made  inside  or  outside, 
so  long  as  the  electroscope  remains  within  the  hollow  con- 
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ductor.  Another  experiment,  first  made  by  Biot,  illustrates 
this  fact  very  neatly.  An  insulated  brass  ball,  A  (Fig.  19), 
is  charged,  and  two  hollow  hemispherical  conductors,  B  and 
C,  of  somewhat  larger  diameter,  are  then  closed  over  it  by 
the  help  of  the  insulating  handles  attached  to  them.  So 
long  as  contact  does  not  take  place  between  the  ball  and  the 
enclosing  shell  formed  by  B  and  C,  the  charge  remains  on 
the  former,  but  immediately  contact  is  made  the  charge 
passes  to  the  outer  surface.  On  removing  B  and  C  and 
testing  them  they  will  be  found  to  be  charged,  while  the 
ball  may  be  shown  to  be  completely  discharged.  This 


Fig,  i9. 

is  Biot's  form  of  the  experiment,  but  it  may  be  more 
readily  performed  by  lowering  the  charged  body  into  a 
rather  deep  metal  can — as  in  Faraday's  ice-pail  experiment. 
So  long  as  the  ball  does  not  touch  the  vessel  it  retains  its 
charge,  but  if  contact  is  made,  then  it  will  be  found  that  the 
vessel  is  charged  and  the  ball  completely  discharged,  thus 
showing  that  a  charge  cannot  remain  on  a  conductor  whoso 
surface  forms  a  portion  of  the  inner  surface  of  a  hollow 
conductor.  The  result  of  this  experiment  has  an  impor- 
tant practical  application.  If  one  conductor  is  required 
to  completely  deliver  up  its  charge  to  another,  this  latter 
should  be  made  in  the  form  of  a  hollow  vessel  and  insulated ; 
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then  on  placing  the  former  inside  it  and  in  contact  with  its 
inner  surface,  the  total  charge  at  once  passes  into  the  outer 
conductor.  This  may  be  repeated  as  often  as  is  desirable, 
and  a  considerable  charge  may  thus  be  accumulated  in  a 
single  conductor. 

Many  other  experiments  have  been  devised  in  support 
of  the  fact  that  no  charge  resides  on  the  inner  surface. 
Faraday's  net  experiment  should  be  mentioned.  A  net  of 
linen  gauze  is  mounted  on  an  insulating  stand,  as  shown 
in  Fig.  20.  The  string,  ss,  is  of  silk,  and  is  used  to  turn  the 
net  inside  out.  The  net,  extended  as  in  the  figure,  is 
strongly  charged.  On  testing  with  a  proof-plane  and  an 
electroscope  the  charge  is  found  to  be  accumulated  on  the 
outer  surface,  but  none  can  be  detected  in  the  interior.  The 
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net  is  now  turned  inside  out,  but  the  charge  is  still  found 
on  the  outer  surface,  only  having  thus  changed  surfaces. 

In  applying  the  above  law  as  to  the  distribution  of  the 
charge  on  the  outer  surface  only,  care  must  be  taken  that  the 
proper  interpretation  is  given  to  the  term  "outer."  The 
ordinary  meaning  of  the  word  is  not  always  the  one 
applicable — for  the  purpose  of  this  law  the  outer  surface 
of  any  conductor  is  the  surface  nearest  the  induced  charge 
of  opposite  sign.  For  example,  if  a  rnetal  pail  be  charged, 
the  induced  charge  will,  under  ordinary  circumstances,  be  on 
objects  external  to  it,  and,  therefore,  the  charge  will  be 
on  what  we  usually  call  its  outer  surface ;  but  if  a  slightly 
smaller  pail  be  placed  inside  it  and  connected  to  earth,  then 
the  induced  charge  will  be  found  chiefly  on  this  pail,  and 
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the  charge  on  the  outer  vessel  will  lie  on  what  is  usually 
called  its  inner  surface,  but  which  is  now  its  electrical 
"  outer "  surface,  that  is,  the  surface  nearest  the  induced 
charge. 

From  a  consideration  of  this  result,  we  shall  be  able  in  a 
general  way  to  explain  why  the  charge  always  resides  on 
the  "  outer  "  surface  of  a  conductor.  Evidently  the  charge 
always  distributes  itself  so  as  to  be  as  near  as  possible  to 
its  induced  charge,  that  is,  in  such  a  way  as  to  possess 
minimum  potential  energy.  Just  as  objects  always  tend 
to  fall  towards  the  earth  and  to  rest  at  the  lowest  attain- 
able level,  so  electricity  passes  to  its  position  of  lowest 
attainable  potential  energy  on  the  outer  surface  of  the 
conductor.  For  example,  if  mercury  be  poured  into  a  vessel 
full  of  water,  it  passes  through  the  water  and  takes  up  a 
position  at  the  bottom  of  the  vessel,  between  the  water  and 
the  vessel ;  similarly,  if  a  charge  be  given  to  the  interior  of 
a  hollow  conductor,  it  passes  to  the  outer  surface,  and  takes 
up  its  position  between  the  conducting  surface  and  the 
insulator  surrounding  it.  Hence,  if  we  choose,  we  may  say 
that  the  charge  of  a  conductor  resides  not  on  the  conductor 
at  all,  but  on  the  surface  of  the  insulating  medium  adjacent 
to  its  "  outer"  surface. 

Another  way  of  expressing  the  same  fact  is  to  say  that 
the  charge  on  a  conductor  takes  up  the  position  of  lowest 
potential  energy. 

19.  Distribution  of  the  Charge  on  the  Outer  Surface  of  a 
Conductor.  The  general  law  given  at  the  end  of  the  pre- 
ceding article  may  be  applied  to  the  consideration  of  this 
question.  If  all  points  on  the  outer  surface  of  a  conductor 
are  positions  of  equal  potential  energy  for  the  charge,  then 
the  distribution  of  the  charge  over  that  surface  will  be 
uniform.  If,  however,  there  are  portions  of  the  surface 
where  the  potential  energy  of  the  charge  would  be  less 
than  on  other  portions  of  the  surface,  then  the  charge  will 
accumulate  on  those  portions,  until  the  distribution  of  the 
opposite  induced  charge  is  such  that  all  points  on  the 
surface  of  the  conductor  are  positions  of  equal  potential 
energy  for  the  charge.  In  this  case  the  distribution  of  the 
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charge  on  the  surface  will  not  be  uniform,  but  will  vary 
with  the  form  of  the  surface  and  with  the  position  and 
arrangement  of  earth- connected  conductors  in  its  neighbour- 
hood. 

We  shall  only  consider  how  the  form  of  the  conductor 
affects  the  distribution,  assuming  all  other  conductors  to  be 
removed  to  a  distance.  On  a  spherical  conductor  the  distri- 
bution is  uniform,  as  indicated  by  the  dotted  line  in  Fig.  21 
(a).  On  a  conical  conductor,  such  as  shown  at  (b),  the  dis- 
tribution is  indicated  in  a  general  way  in  the  figure ;  the 
charge  accumulates  at  the  pointed  end,  where  the  curvature 
of  the  surface  is  greater  than  at  other  points.  Similarly,  in 
the  case  of  the  circular  plate  (c)  the  charge  accumulates  at 
the  edges  where  the  curvature  is  greatest,  and,  in  general, 
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experiment  shows  that  the  distribution  varies  with  the 
curvature  of  the  surface,  that  is,  the  greater  the  curvature 
at  any  point  the  greater  will  be  the  quantity  of  electricity 
at  that  point,  provided  the  surface  be  convex  at  the  point 
and  the  latter  not  within  a  reentrant  hollow. 

These  facts  may  be  experimentally  verified  in  the  following 
manner.  Let  a  large  spherical  conductor,  such  as  shown  in 
Fig.  21  (a),  be  well  insulated,  and  then  strongly  charged. 
By  means  of  a  proof-plane  we  can  now  test  the  distribution 
of  the  charge  over  the  surface  of  the  conductor.  The  proof- 
plane  is  laid  on  this  surface  at  any  point,  and  the  charge 
received  is  communicated  to  an  electroscope.  The  diver- 
gence of  the  leaves,  which  may  be  noted  on  a  small  scale 
mounted  behind  them,  roughly  indicates  the  magnitude  of 
this  charge.  The  charge  which  the  proof-plane  receives  at 
any  point  on  the  surface  of  the  conductor  is,  however,  pro- 
portional to  the  quantity  of  electricity  distributed  over  the 
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surface  at  that  point.  Hence,  by  comparing  the  charges  to 
be  obtained  at  different  points  of  the  surface,  the  distribution 
over  the  whole  surface  may  be  investigated.  In  this  case 
of  a  spherical  surface,  it  will  be  found  that  the  charge  to  be 
obtained  from  any  point  on  the  surface  is  the  same,  showing 
that  the  distribution  is  uniform. 

If  a  conical  conductor,  such  as  shown  at  5,  be  charged, 
and  the  distribution  of  the  charge  tested,  it  will  be  found 
that  a  much  greater  charge  can  be  obtained  from  the 
pointed  end  than  from  the  other  end.  Similarly,  the  dis- 
tribution on  any  surface  may  be  determined,  and  it  will  be 
found  that  the  charge  always  tends  to  accumulate  at  points, 
corners,  and  edges,  leaving  the  "  flatter  "  portions  of  the 
surface  less  heavily  charged,  and  the  reentrant  portions 
almost  or  quite  free  from  charge. 

20.  Surface  Density.  The  surface  density  for  the  surface 
of  a  charged  conductor  is  measured  by  the  quantity  of 
electricity  distributed  over  unit  area  of  surface.  Thus,  if  a 
charge,  Q,  be  uniformly  distributed  over  a  surface  of  area,  S, 
then  the  surface  density  (usually  denoted  by  <r)  is  given  by  — 


Q 

If  the  charge  is  not  uniformly  distributed,  then  ~    gives 

the  average  surface  density.  The  surface  density  at  any 
point  on  a  surface  is  determined  by  the  ratio  -  where  q  is 

the  small  charge  distributed  over  s,  a  very  small  area  of 
surface  which  contains  the  given  point. 

The  surface  density  from  point  to  point  on  the  surface  of 
a  conductor  varies  in  the  same  way  as  the  distribution; 
that  is,  the  greater  the  quantity  of  electricity  distributed  at 
any  point,  the  greater  the  surface  density  at  that  point. 
The  dotted  lines  in  Fig.  21  may  thus  be  taken  to  indicate 
the  variation  of  the  surface  density  from  point  to  point  on 
the  surface  of  the  conductors  there  represented. 

21.  The  Action  of  Points.  From  the  preceding  articles 
we  have  learnt  that  the  charge  on  a  conductor  tends  to 
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accumulate  at  the  points,  corners,  and  sharp  edges  where 
the  curvature  of  the  surface  is  greatest.  Thus,  if  a  needle 
point  project  from  the  surface  of  a  spherical  conductor, 
the  charge  accumulates  on  this  point,  and  the  surface 
density  there  becomes  very  great.  If  the  conductor  is 
sufficiently  charged,  the  density  may  become  so  great  that 
the  molecules  of  air  in  contact  with  the  point  receive  a 
charge.  These  molecules  are  then  repelled  from  the  point, 
and  their  places  taken  by  another  set,  which  are  in  turn 
charged  and  repelled.  Every  molecule  of  air  repelled 
from  the  point  thus  carries  away  with  it  a  minute  charge, 
and,  until  the  surface  density  falls  too  low,  there  is  a 
constant  rain  of  charged  molecules  streaming  away  from 
the  point.  Hence,  there  is  a  continual  discharge  of  electri- 
city, sometimes  called  a  convection  discharge,  from  the  point, 
and,  in  consequence,  the  charge  gradually  decreases,  and 
will  continue  to  do  so  until  the  surface  density  on  the 
point  is  too  small  to  charge  the  molecules  of  air  in  contact 
with  it.*  For  the  same  reason  a  similar  convection  dis- 
charge takes  place  from  the  sharp  edges  of  a  charged 
conductor.  This  discharging  action  of  points  is  readily 
illustrated  by  a  number  of  experiments. t  If  a  pin  point  be 
soldered  to  the  cap  of  an  electroscope  and  the  instrument 
be  charged,  it  will  be  found  that  it  rapidly  loses  its  charge 
— the  divergent  leaves  quickly  close  up  and  soon  indicate 
complete  discharge.  Similarly,  if  a  pointed  wire  be  attached 
to  the  plate  of  an  electrophorus,  it  will  be  found  that  on 
charging  the  plate  no  spark  can  be  drawn  from  it;  but 
if  the  point  of  the  wire  be  at  once  presented  to  a  steady 
flame,  the  "  wind "  due  to  the  convection  discharge  will 
blow  the  flame  aside.  The  discharging  action  of  sharp 
edges  can  be  illustrated  by  a  very  simple  but  somewhat 
striking  experiment.  If  a  strongly  charged  ebonite  rod 
be  held  over  the  cap  of  an  electroscope  for  a  few  seconds 
and  then  slowly  removed,  the  divergent  leaves  will  be  seen 
to  gradually  collapse,  and  finally  to  open  out  as  widely 

*  It  must  be  remembered  that  the  air  is  an  insulator,  and  that  its 
molecules  do  not  readily  receive  a  charge, 
f  See  also  Art.  23. 
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as  before,  but  with  a  charge  of  opposite  sign.  The  leaves 
at  first  diverge  with  negative  electricity,  inductively  repelled 
by  the  charged  rod.  During  the  short  time  that  the 
rod  is  held  in  position  this  repelled  charge  partially  escapes 
from  the  very  thin  edges  of  the  gold  leaf.  On  slowly 
removing  the  rod  the  leaves  gradually  collapse  as  the 
bound  positive  charge  on  the  cap  is  slowly  liberated,  and 
finally  re-diverge  with  the  excess  of  positive  electricity 
corresponding  to  the  negative  which  has  escaped. 

This  action  of  points  has  some  important  applications. 
In  the  illustration  just  given  the  electroscope  is  charged  by 
induction — the  repelled  induced  charge  escapes  from  the 
thin  edges  of  the  leaves,  leaving  the  instrument  charged 
with  electricity  of  the  sign  opposite  to  that  inducing 
charge.  Similarly,  if  a  pointed  wire  be  attached  to  the 
cap  of  the  instrument,  and  the  inducing  charge  held  for  a 
short  time  over  the  point,  the  attracted  induced  charge 
will  escape,  leaving  the  instrument  charged  with  electricity 
of  the  same  sign  as  that  of  the  inducing  charge.  Hence, 
if  we  wish  to  "  collect "  the  charge  from  a  charged  body, 
it  is  only  necessary  to  present  a  point  or  row  of  points 
attached  to  a  conductor  to  it — the  charge  induced  on  the 
points  flows  as  a  convection  discharge  on  to  the  surface 
of  the  charged  body,  neutralising  the  charge  there  found, 
and  leaving  the  conductor  charged  with  electricity  of  the 
same  sign.  The  final  effect  is  thus  the  same  as  if  the 
points  directly  collected  the  charge  from  the  charged  body. 
This  effect  may  be  illustrated  by  a  few  simple  experiments. 
Let  one  end  of  a  wire  be  attached  to  the  cap  of  an  electro- 
scope, and  the  other  end,  carried  in  a  split  ebonite  pen- 
holder, presented  to  any  charged  body — the  leaves  at  once 
diverge,  showing  inductive  action,  and  on  removing  the  wire 
it  will  be  found  that  the  instrument  is  permanently 
charged.  Similarly,  if  the  point  of  a  needle  held  in  the 
hand  be  moved  several  times,  close  to  the  surface,  from  one 
end  of  a  charged  ebonite  rod  to  the  other,  it  will  be  found 
on  testing  that  the  rod  is  almost  completely  discharged. 
Again,  if  a  large  needle,  connected  to  the  cap  of  a  very 
delicate  electroscope,  be  carefully  insulated  in  the  open 
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air,*  it  will  be  found  that  the  leaves  of  the  instrument 
will,  in  general,  gradually  diverge.  The  needle  point 
"collects"  the  charge  from  the  air  around  it,  and  the 
divergence  of  the  leaves  indicates  the  nature  and  extent 
of  the  electrification  of  the  air  at  the  point  where  the 
needle  is  placed.  When  this  electrification  is  very  great, 
the  convection  discharge  often  gives  rise  to  a  luminous 
glow  diverging  from  the  dischargir.g  point.  This  effect 
is  often  seen  from  the  points  of  ship's  masts,  flagstaff's, 
etc.,  and  has  been  called  St.  Elmo's  fire.  It  may  be  seen 
on  a  small  scale  in  a  dark  room  from  a  needle  point 
attached  to  a  strongly  charged  conductor ;  for  example, 
to  the  newly  charged  plate  of  an  electrophorus,  or  better, 
the  prime  conductor  of  an  electrical  machine. 

Owing  to  this  action  of  points  and  sharp  edges  it  is 
necessary  to  have  the  corners  and  edges  of  all  conductors 
intended  to  retain  charges  carefully  rounded  and  polished. 
The  apparatus  must  also  be  kept  scrupulously  clean,  for 
every  particle  of  dust  acts  as  a  point,  and  therefore  admits 
of  escape  of  the  charge. 

*  Some  distance  above  the  ground. 


CHAPTER  IV. 
FRICTION AL   ELECTRICAL  MACHINES. 

22.  The  Frictional  Electrical  Machine.  A  frictional  elec- 
trical machine  is  a  mechanical  arrangement  for  generating 
electricity  by  the  friction  of  two  suitable  substances,  and 
for  collecting  and  storing  the  electricity  so  produced.  Such 
a  machine  consists  essentially  of  three  parts,  the  generator, 
consisting  of  the  body  rubbed  and  the  rubbers,  the  collecting 


Fig.  22. 


combs,  and  the  prime  conductor  in  which  the  charge  collected 
by  the  combs  accumulates.  A  very  simple  form  of  machine 
is  shown  in  Fig.  22,  which  represents  the  essential  parts  of 
the  ordinary  cylinder  electrical  machine.  The  generator 
consists  of  a  glass  cylinder,  C,  capable  of  rotation  about  its 
axis,  a  a,  and  a  rubber,  r,  made  of  a  leather-covered  pad 
coated  with  a  mixture  of  an  amalgam  of  zinc  and  mercury 
with  grease.  The  rubber  presses  against  the  surface  of 
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the  cylinder,  and  on  rotation  the  friction  between  the  glass 
and  the  amalgam  causes  the  surface  of  the  former  to  be- 
come positively  electrified,  and  that  of  the  latter  negatively. 
As  the  cylinder  rotates  the  electrified  portions  leave  the 
rubber  behind,  and  other  portions  previously  unelectrified 
come  under  its  influence.  Before  again  returning  to  the 
rubber  the  electrified  surface  of  the  glass  passes  close  to 
the  row  of  sharp-pointed  wires  which  constitutes  the  col- 
lecting comb,  pp.  These  points,  acting  in  the  way  explained 

in  Ari>.  21,  "collect"  the 
charge  from  the  surface  of  the 
glass,  which  is  thus  rendered 
neutral  and  ready  to  be  again 
electrified  by  the  friction  of 
the  rubber.  Connected  with 
the  comb  is  the  prime  conduc- 
tor, P,  an  insulated  conductor 
in  which  the  charge  collected 
from  the  cylinder  accumulates. 
S  is  a  silk  flap  attached  to  the 
rubber,  and  extending  over 
the  surface  of  the  cylinder 
nearly  to  the  collecting  comb. 
Its  use  may  be  explained  in 
a  general  way  as  follows.  As 
the  cylinder  revolves  the  posi- 
tive charge  produced  on  its 
surface  is  separated  from  the 
corresponding  negative  charge 

on  the  rubber,  but,  owing  to  their  mutual  attraction,  the 
former  tends  to  slip  back,  over  the  surface  of  the  glass, 
towards  the  rubber.  The  silk  flap,  however,  acting  as  a 
rubber,  has  a  small  negative  charge  produced  in  it,  and  the 
attraction  of  this  charge  for  the  positive  electricity  on  the 
glass  is  just  sufficient  to  prevent  any  appreciable  loss  by 
reunion  of  the  separated  electricities.  Fig.  23  illustrates 
a  more  usual  form  of  electrical  machine.  It  is  known  as 
the  Plate  Electrical  Machine,  and  is  in  principle  exactly 
similar  to  the  one  just  described.  A  circular  plate  of  glass 
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takes  the  place  of  the  cylinder.  The  rubbers,  two  in 
number,  are  placed  at  the  upper  and  lower  extremities  of 
the  vertical  diameter  of  the  plate,  each  one  being  made  up 
of  two  pads  so  arranged  that  the  plate  runs  between  them 
and  consequently  has  both  sides  excited.  The  combs, 
having  to  collect  from  both  sides  of  the  plate,  are  bent 
round  it  in  the  way  shown  in  the  figure,  and  are  placed  at 
the  extremities  of  its  horizontal  diameter.  The  silk  flaps 
and  prime  conductor  *  perform  the  same  function  as  in  the 
cylinder  machine.  The  action  of  the  machine  is  readily 
understood.  Following  a  portion  of  the  surface  of  the  plate 
from  the  lower  rubber  round  through  a  complete  revolu- 
tion, we  notice  that  as  it  leaves  the  rubber  the  glass  is 
positively  charged,  and  comes  round  to  the  right  hand 
comb,  where  it  is  neutralised  by  the  rain  of  negatively 
charged  air  molecules  from  the  points ;  thus  rendered 
neutral,  it  next  comes  under  the  influence  of  the  top  rubber, 
again  becomes  positively  charged,  and  in  passing  the  next 
comb  is  again  neutralised,  ready  to  be  again  excited  by  the 
friction  of  the  bottom  rubber.  The  continual  discharge 
of  negative  electricity  from  the  points  of  the  combs  leaves 
the  prime  conductor  positively  ch  irged,  and  the  magnitude 
of  this  charge  increases  as  the  in  tchine  is  worked  until  the 
loss  by  defective  insulation  and  convection  discharge  from 
its  surface  is  equal  to  the  gain  from  the  combs.  To  reduce 
this  source  of  loss  as  much  as  possible  every  part  of  the 
conductor  is  carefully  rounded  and  polished,  and  the  machine 
should  be  thoroughly  clean  and  dry. 

As  generally  worked  the  rubbers  of  the  machine  are 
earth-connected,  that  is,  they  are  not  insulated,  but  directly 
connected  with  the  framework  of  the  machine,  t  In  this 
way  no  charge  accumulates  on  the  rubbers.  If,  however, 
they  are  insulated,  then  the  negative  charge  accumulates, 
and  finally  becomes  sufficiently  great  to  prevent  the  positive 

*  The  prime  conductor  is  here  attached  to  the  frame  of  the 
machine,  and  is  insulated  by  the  glass  stem  ff,  which  should  be 
well  varnished  and  kept  perfectly  clean  and  dry. 

f  In  Fig.  22  the  rubber  r  is  attached  to  the  insulated  conductor 
ghown  in  the  front  of  the  figure, 
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electricity  produced  on  the  glass  from  reaching  the  combs, 
and  thus  the  machine  ceases  to  work.  If  rubber  and 
prime  conductor  are  both  insulated,  but  connected  together 
by  a  conducting  wire,  then  the  negative  of  the  rubber 
neutralises  the  positive  charge  induced  in  the  prime  con- 
ductor, and,  however  hard  the  machine  may  be  worked,  no 
sign  of  electrification  can  be  detected  in  either  rubber  or 
prime  conductor,  thus  proving  that  the  quantities  of  elec- 
tricity produced  by  friction  are  equal,  but  of  opposite  sign. 

23.  Experiments  with  the  Electrical  Machine.  Let  the 
machine  be  worked  until  the  prime  conductor  is  charged, 
then,  on  presenting  the  knuckle  or  any  conducting  body  to  the 
prime  conductor,  a  spark  at  once  passes  and  the  conductor 
is  discharged.  If  the  machine  be 
worked  in  a  dark  room  the  action 
of  the  points  on  the  collecting  combs 
may  be  noticed.  A  bright  luminous 
glow  or  brush  will  be  seen  to  diverge 
from  each  point,  indicating  that 
there  is  a  continuous  convection 
discharge  from  the  points  on  to  the 
surface  of  the  glass  plate.  Similarly, 
if  a  sharp-pointed  rod  or  wire  be 
attached  to  the  prime  conductor,  it 
will  be  found  impossible  to  get  a 
spark  of  any  length  from  the 
machine,  but  in  the  dark,  a  bright 
brush  discharge  may  be  seen  to 
emanate  from  the  pointed  end  of 

the  wire.  Also,  if  the  point  of  a  needle  held  in  the  hand 
be  presented  to  the  charged  prime  conductor  of  the  machine, 
a  silent  discharge  takes  place  from  the  point  neutralising 
the  charge  on  the  conductor.  If  the  discharging  point  in 
either  of  these  experiments  be  directed  towards  a  candle- 
flame,  the  "wind"  of  the  discharge  will  blow  the  flame 
aside  and  may  extinguish  it.  The  electric  whirl  shown 
in  Fig.  24  is  a  favourite  illustration  of  the  discharging 
action  of  points.  It  conclusively  proves  that  the  discharge 
is  due  to  the  repulsion  of  molecules  of  air  from  those 
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points,  for  in  this  arrangement  the  arms  carrying  the 
points  are  lightly  pivoted  on  a  central  axis,  and  the 
reaction  of  the  repelled  molecules  drives  them  round  in  a 
direction  opposite  to  that  in  which  the  pointed  ends  of  the 
wire  are  bent. 

The  repulsion  between  similarly  electrified  bodies  is 
strikingly  shown  by  attaching  a  tassel  of  light  thread, 
strips  of  paper,  hair,  etc.,  to  the  prime  conductor.  On 
working  the  machine  the  tassel  opens  out,  each  individual 
thread  or  hair  repelling  and  being  repelled  by  every  other 
one. 

Henley's  quadrant  indicator  is  a  simple  application  of 
this  effect.  As  shown  in  Fig.  25,  it  is 
often  attached  to  the  prime  conductor  of 
electrical  machines,  to  indicate  the  magni- 
tude of  the  charge  here  collected.  The 
pith-ball  b,  carried  by  a  light  lever,  is 
repelled  from  the  similarly  charged  brass 
rod,  B,  to  which  it  is  attached,  and  the 
angular  distance  through  which  it  is  re- 
pelled may  be  read  off  on  the  circular 
scale,  ss,  and  roughly  indicates  the  state  of 
electrification  of  the  conductor. 

If  a  person  stand  on  an  insulating  stool, 
that  is,  a  stool  with  legs  of  glass  or  other 
insulating  material,  and  grasp  the  prime  conductor  of  the 
machine,  he  will  practically  form  a  part  of  the  prime  con- 
ductor, and  will  therefore  gradually  become  charged  as  the 
machine  is  worked.  Sparks  can  be  drawn  from  any  portion 
of  his  person,  just  as  they  may  be  drawn  from  the  prime 
conductor,  and  by  placing  his  finger  near  a  gas  jet,  the  gas 
may  be  lit  by  the  spark  which  passes.  A  person  thus 
charged  will  not  retain  a  charge  for  many  seconds  after 
the  machine  stops  working,  for  electricity  escapes  from  the 
point  of  every  hair  and  fibre  of  the  clothing. 


Fig.  25. 
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CHAPTER  V. 
•     ELECTRICAL   POTENTIAL  AND    CAPACITY. 

24.  Electrical  Potential.  In  Fig.  26  let  A  represent  a 
positively  charged  body,  and  a  and  b  any  two  points  on  the 
line  AB.  If  a  positive  charge  be  placed  at  b,  it  will  experi- 
ence a  force  of  repulsion  due  to  the  charge  on  A,  and  before 
it  can  be  moved  from  b  up  to  a  this  force  of  repulsion  must 


Fig.  26. 

be  overcome  through  the  distance  ba,  and,  therefore,  work 
must  be  done.  The  work  so  done  has  its  equivalent  in  the 
potential  energy  gained  by  the  charge,  in  virtue  of  the 
change  in  its  position  relative  to  the  charge  on  A.  At  a 
the  potential  energy  of  the  charge  is  greater  than  at  6,  and 
if  we  consider  unit  positive  charge,  the  difference  for  the  two 
positions  is  called  the  difference  of  the  electrical  potentials 
at  the  two  points.  This  difference  of  potential  is  due  to 
the  charge  at  A,  and  its  value  will  therefore  depend  on  the 
magnitude  of  this  charge;  hence,  when  we  speak  of  the 
difference  of  potential  at  any  two* points,  we  imply  the  exist- 
ence of  a  charge  to  which  the  difference  of  potential  is  due. 
The  difference  of  the  potentials  at  any  two  points  due  to  a 
given  charge  may,  therefore,  be  denned  as  the  equivalent 
of  the  work  done  in  moving  unit  positive  charge  from  one 
point  to  the  other  against  the  elecirical  force  exerted  by  the 
given  charge.  A  familiar  illustration  may  help  the  student 
to  realise  the  above  explanations.  If  a  pound- weight  is 
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lifted  from  a  chair  to  a  table,  work  is  done,  and  the  gain 
of  potential  energy  by  the  weight  is  equivalent  to  the  work 
done.  In  this  case,  the  work  is  done  against  the  force  of 
attraction  exerted  by  the  earth,  and  the  potential  energy 
gained  by  the  weight  in  virtue  of  the  change  of  its  position 
relative  to  the  earth  may  be  called  the  difference  of  the 
gravitation  potentials  due  to  the  earth  at  the  two  points 
considered.  So  far,  we  have  only  considered  difference  of 
potential,  but  it  is  often  convenient  to  speak  of  the  electrical 
potential  at  any  point  due  to  a  given  charge.  Now  just  as 
in  Mechanics  we  can  speak  of  the  potential  energy  of  a 
pound- weight,  at  any  level,  as  the  equivalent  of  the  work 
done  in  raising  it  from  the  surface  of  the  earth  to  that  level, 
so  in  Electrostatics  we  may  speak  of  the  electrical  potential 
due  to  a  given  charge,  at  any  point,  as  equivalent  to  the 
work  done  in  bringing  a  unit  positive  charge  from  the  earth 
to  that  point  against  the  electrical  force  exerted  by  the 
given  charge.  This  is  evidently  not  the  absolute  potential 
at  the  point,  but  merely  the  difference  between  the  potential 
due  to  the  given  charge  at  the  point  considered  and  at  a 
point  on  the  earth. 

If  the  charge  at  A  be  taken  as  negative  instead  of 
positive,  then  no  work  would  have  to  be  done  in  bringing  unit 
positive  charge  up  to  a,  but  the  force  of  attraction  which 
the  charge  exerts  would  do  work  in  so  bringing  it  up. 
Hence,  the  potential  at  a  is  said  to  be  negative,  for  the 
unit  chaige,  instead  of  having,  as  it  were,  to  be  pushed  up 
to  a  against  the  force  of  repulsion  exerted  by  the  charge 
on  A,  is  pulled  up  to  a  by  the  force  of  attraction  due  to  that 
charge. 

If  the  potential,  at  a  point  in  the  neighbourhood  of  two 
or  more  charged  bodies,  be  considered,  then  the  total 
potential  at  that  point  due  to  these  charges  is  the  sum  of 
the  potentials  due  to  each  of  the  charges  taken  separately, 
each  with  its  proper  sign,  according  to  the  sign  of  the 
charge. 

Difference  of  potential  may  be  defined  in  another  way. 
Just  as  in  Hydrostatics  difference  of  level  is  the  condition  of 
flow  of  a  liquid  from  one  point  to  another,  so  in  Electrostatics 
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difference  of  potential  is  the  condition  of  flow  of  electricity 
from  one  point  to  another.  It  must,  however,  be  noticed 
that  a  liquid  flows  from  a  high  level  to  a  low  level,  in  virtue 
of  the  greater  potential  energy  it  possesses  at  the  higher 
level,  and  this  difference  of  potential  energy  per  unit  mass 
of  liquid  is  the  true  analogue  of  difference  of  electrical 
potential,  so  that  this  method  of  denning  difference  of 
potential  is  practically  identical  with  that  given  above. 
Further,  although  difference  of  level  (implying  difference  of 
potential  energy)  is  the  condition  of  flow  of  a  liquid  from 
one  point  to  another,  this  flow  will  not  take  place  unless 
some  path  is  open  by  which  it  can  take  place.  Similarly, 
flow  of  electricity  between  two  points  at  different  potentials 
will  not  take  place,  unless  these  points  are  connected  by  con- 
ducting material  through  which  the  electricity  can  pass. 
From  this  it  follows  that  no  difference  of  potential  can  exist 
between  any  two  points  on  a  conductor,  for  if  such  a  dif- 
ference exist  for  an  instant,  a  flow  of  electricity  at  once 
sets  in  and  immediately  establishes  equality  of  potential.* 
Hence,  all  points  on  and  in  a  conductor  are  at  the  same 
potential  called  the  potential  of  the  conductor.  This  potential 
may  be  defined  as  the  equivalent  of  the  work  done  in 
bringing  a  unit  positive  charge  from  the  earth  up  to  any 
point  on  the  surface  of  the  conductor. 

The  potential  at  any  point  in  the  interior  of  a  hollow 
conductor  is  also  the  same  as  that  of  the  conductor,  for  in 
bringing  a  unit  positive  charge  up  to  any  point  in  the  interior, 
it  must  first  be  brought  up  to  the  outer  surface,  and  then 
all  the  work  to  be  done  on  it  is  done,  for  there  is  no  electric 
force  in  the  interior  of  the  conductor,  and  therefore  no  more 
work  will  be  done  in  moving  it  from  the  surface  to  any 
point  in  the  interior.  A  neutral  conductor  is  said  to  be  at 
zero  potential,  for  it  offers  no  resistance  to  the  approach  of 
a  unit  positive  charge. 

Since  difference  of  potential  is  the  condition  of  transfer 
of  electricity  from  one  point  to  another,  it  follows  that,  if 

*  This  applies  to  electrostatics.  In  current  electricity  there  is  a 
constant  supply  maintaining  the  difference  of  potential  and  a  current 
tending  to  equalise  this  difference. 
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two  conductors  at  different  potentials  are  put  in  contact 
electricity  will  flow  from  the  one  at  the  higher  potential  to 
the  one  at  the  lower  potential  until  equality  of  potential  is 
established.  Similarly,  if  two  conductors  at  considerably 
different  potentials  are  placed  near  each  other,  electricity 
tends  to  pass  from  one  to  the  other  through  the  insulating 
air-gap  separating  them.  If  the  difference  of  potential  is 
sufficiently  great,  the  electricity  may  break  through  this 
gap,  producing  a  spark,  and  the  potentials  of  the  two  con- 
ductors are  at  once  equalised.  The  electric  spark  may  be 
illustrated  hydrostatically.  Two  communicating  tubes,  A 
and  B  (Fig.  27),  are  separated  by  a  thin  membrane,  ra.  Mer- 
cury is  poured  into  A  up  to  a  certain  height,  and  then  into 
B  up  to  a  higher  level.  The  liquid  now  tends  to  pass  from 
B  to  A,  and  the  membrane,  m,  resisting 
the  passage,  is  in  a  state  of  strain.  If 
more  mercury  be  poured  into  B  this 
state  of  strain  increases,  and  finally  the 
membrane  bursts,  and  the  difference  of 
level  in  the  two  tubes  is  at  once  equalised. 
If  this  experiment  be  performed,  it  will 
be  noticed  that  after  the  break-down  of 
m  the  mercury  oscillates  rapidly  up  and 
down  in  the  tubes,  and  finally  comes  to  Fig.  27. 

rest  at  the  same  level  in  each.  It  has 
recently  been  shown  that  an  exactly  similar  phenomenon 
accompanies  the  electric  spark :  the  duration  of  the  spark 
is  probably  considerably  less  than  the  millionth  part  of  a 
second,  but  in  this  short  time  the  electricity  oscillates  to 
and  fro  across  the  spark  path  a  large  number  of  times 
before  equality  of  potential  is  established. 

25.  Potential  Energy  of  a  Charge.  In  the  preceding 
article  we  have  considered  the  electrical  potential  at  a  point 
due  to  a  given  charge.  This  must  not  be  confounded  with 
the  electrical  potential  energy  of  a  charge  placed  at  that 
point.  The  electrical  potential  at  any  point  due  to  a  given 
charge  is  the  work  that  would  have  to  be  done  in  bringing 
unit  positive  charge  from  the  earth  up  to  that  point  against 
the  electrical  force  exerted  by  the  given  charge.  The  potential 
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energy  of  a  charge  placed  at  the  point  considered  is  the 
equivalent  of  the  total  electrical  work  done  in  accumulating 
the  charge  at  that  point.  Thus  the  potential  of  a  charged 
conductor  is  the  equivalent  of  the  work  necessary  to  bring 
a  unit  positive  charge  from  the  earth  up  to  the  conductor, 
against  the  electric  force  exerted  by  the  charge  of  the  con- 
ductor, but  the  potential  energy  of  the  charge  on  the  conductor 
is  the  equivalent  of  all  the  electrical  work  done  in  charging 
the  conductor. 

Consider  a  conductor  charged  with  a  positive  charge  Q 
to  a  potential  Y.  That  is,  the  quantity  of  electricity  with 
which  it  is  charged  is  denoted  by  Q,  and  the  work  that 
would  have  to  be  done  to  bring  a  positive  unit  of  electricity 
from  the  earth  up  to  its  surface  when  so  charged  is  denoted 
by  V.  Hence,  the  quantity  of  work  necessary  to  bring  Q 
units  of  electricity  from  the  earth  up  to  the  conductor, 
supposing  its  potential  to  remain  constant  at  Y  during  the 
process,  is  given  by  QY.  This,  however,  is  evidently  not 
the  work  done  in  charging  the  conductor  up  to  potential  Y, 
with  Q  units  of  electricity,  for  during  this  process  the 
potential  is  not  constant  at  Y,  but  rises  from  zero  to  Y 
in  proportion  as  the  charge  is  increased,  the  latter  value 
being  acquired  when  the  charging  is  complete. 

The  average  value  of  the  potential  during  the  process 

of  charging  is  therefore  -<r,  and  the  work  done  is  the  same 

as  if  the  potential  remained  constant  at  this  value  during  the 
process.  Hence  the  work  done  in  charging  is  given  by  ^QY, 
and  this  therefore  expresses  the  potential  energy  of  a  charge 
Q  at  potential  Y.  If  Q  be  expressed  in  the  electrostatic 
units  of  quantity  (Art.  6),  and  Y  in  ergs  per  unit  of 
quantity,  then  the  energy  of  the  charge  is  expressed  in  ergs. 
26.  Equipotential  Surfaces.  An  equipotential  surface 
is  the  locus  of  all  points  having  the  same  potential.  Imagine 
a  charge  to  be  concentrated  at  a  point  A  (Fig.  28),  then  all 
points  at  the  same  distance  from  the  charge  have  the  same 
potential,  that  is,  the  equipotential  surfaces  in  this  case  are 
a  series  of  concentric  spheres  having  their  centre  at  the 
point  A.  The  potential  at  each  ot  tiie  spherical  surfaces  is 


ELEC1RICAL   POTENTIAL   AND   CAPACITY. 


71 


different,  but  for  all  points  on  any  one  surface  it  is  the 
same;  that  is,  work  Las  to  be  done  to  move  a  positive 
unit  of  electricity  from  one  surface  to  another,  but  no  work 
is  done  in  moving  it  from  any  point  on  a  given  surface  to 
another  point  on  the  same  surface.  From  this  it  follows 
that  the  lines  of  force  are  at  all  points  normal  to  the 
equipotential  surfaces,  for  if  no  work  is  done  in  moving 
electricity  from  one  point  to  an  adjacent  one  on  an 
equipotential  surface,  then  the  direction  of  motion  must  be 
everywhere  perpendicular  to  the  lines  of  force.  In  Fig.  28 


Fig.  28. 


the  traces  of  the  equipotential  surfaces  surrounding  the  point 
A  are  shown  as  concentric  circles,  and  the  lines  of  force  in 
the  plane  of  the  paper  are  shown  as  straight  lines  radiating 
from  the  centre  A.  The  number  of  equipotential  surfaces 
surrounding  any  charge  is  of  course  infinite,  but  it  is  con- 
venient in  drawing  them  to  represent  them  so  that  unit 
quantities  of  work  must  be  done  in  conveying  unit  quantity 
of  electricity  from  any  one  surface  to  the  next.  When  so 
drawn  the  distance  between  consecutive  surfaces  gradually 
increases  as  the  distance  from  the  charge  increases.  For 
the  greater  this  distance  the  weaker  the  force  exerted  by 
the  charge,  and  therefore  the  greater  must  be  the  distance 
through  which  it  has  to  be  overcome  to  do  unit  work. 
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If  a  charge  be  accumulated  on  a  spherical  conductor  its 
action  at  all  external  points  is  the  same  as  if  the  charge 
were  accumulated  at  the  centre  of  the  conductor.  Hence 
the  equipotential  surfaces  surrounding  a  charged  sphere  are 
concentric  spherical  surfaces  having  the  centre  of  the  sphere 
as  their  common  centre.  The  surface  of  the  sphere  is  also 
an  equipotential  surface,  for  with  statical  electricity  there 
Can  be  no  difference  of  potential  between  any  two  points  of 
a  conducting  body.  Hence,  for  a  given  charge  the  actual 
potential  of  the  conductor  will  depend  upon  its  radius. 
For  example,  in  Fig.  28,  if  the  surface  of  the  conductor 
coincide  with  the  equipotential  surface  a,  the  potential  of 
the  conductor  and  of  all  points  inside  it  will  be  that  of 
surface  a ;  if,  however,  it  coincide  with  b,  c,  d,  or  any  other 
surface,  then  its  potential  will  be  that  of  the  surface  with 
which  it  coincides.  The  potential  of  all  points  external  to 
the  conductor  is  the  same  as  if  the  charge  were  concentrated 
at  its  centre,  but  the  potential  of  all  points  in  the  interior 
is  the  same  as  that  of  the  conductor  itself. 

The  fact  that  the  surface  of  a  conductor  must  be  an 
equipotential  surface  may  be  applied  to  explain  electrostatic 
induction.  In  Fig.  7,  C  represents  a  positively  charged 
conductor,  and  the  potential  at  A  due  to  the  charge  on  C  is 
therefore  greater  than  the  potential  at  B  due  to  the  same 
charge.  As  a  consequence  of  this  difference  of  potential 
between  the  points  A  arid  B  on  the  conductor  AB,  positive 
electricity  flows  from  A  to  B,  until  equality  of  potential  is 
established;  that  is,  the  end  B  becomes  positively  charged 
and  the  end  A  is  left  negatively  charged.  The  potentials 
at  the  points  A  and  B  are  now  equal,  because  the  potential 
at  A  due  to  the  charge  on  C  is  diminished  by  the 
potential  due  to  the  negative  charge  there  induced,  and  the 
potential  at  B  due  to  0  is  increased  by  the  potential  due 
to  the  positive  charge  induced  at  that  point.  Similarly, 
equality  of  potential  is  established  all  over  the  surface  of 
the  conductor,  for  the  charge  induced  at  any  point  is  such 
that  the  algebraic  sum  of  the  potentials  at  that  point  due 
to  the  electrification  on  A  and  the  charge  on  C  is  the 
same  for  all  points  on  the  surface. 
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The  fact  that  the  charge  always  resides  on  the  outer 
surface  of  a  conductor  may  also  be  ex- 
plained in  terms  of  potential.  In  Fig.  29, 
let  A  represent  a  hollow  spherical  con- 
ducting shell  of  some  thickness.  If  a 
positive  charge  be  given  to  the  inner 
surface,  the  potential  of  that  surface  will 
be  greater  than  the  potential  due  to  this 
charge  at  the  outer  surface.  Hence,  since 
the  inner  and  outer  surfaces  are  connected 
by  conducting  material,  the  charge  will  at  once  pass  to 
the  outer  surface,  and  no  charge  will  be  found  on  the  inner 
surface. 

27.  Electrical  Capacity.  In  the  preceding  article  it  has 
been  noticed  that  the  potential  produced  in  a  spherical  con- 
ductor by  a  given  charge  varies  with  the  size  of  the  conductor. 
For  example,  in  Fig.  28  if  a  charge  Q  be  given  to  a  con- 
ductor of  the  same  diameter  as  the  equipotential  surface  c, 
a  lower  potential  would  result  than  if  the  same  charge 
were  given  to  a  conductor  of  the  same  diameter  as  the 
surface  a;  that  is,  the  potential  of  a  spherical  cnnduo.tor 
due  to  its  own  charge  decreases  with  the  size  of  the  con- 
ductor.Further,  it  can  be  shown  by  experiment  that  if 
the  same  charge  be  given  to  any  two  conductors  differing 
in  size  or  form,  different  potentials  will  be  produced  in  these 
conductors.  For  example,  if  we  charge  two  conductors  of 
different  size  or  form  with  equal  charges,  and  then  pre- 
sent the  one  to  the  other,  a  spark  will  pass,  indicating 
that  they  are  at  different  potentials. 

These  facts  may  be  expressed  by  saying  that  different  con- 
ductors have  different  electrical  capacities,  and  the  electrical 
capacity  of  a  conductor-  ma}?— be~defi.ned  ^-^h&StwTof  the 
charge  given_to_the  conductor  to  the  potentialj^roduced  in  the 
conductor  ^^jEat-^liarge.  That  is,  it'  a  charge  Q  given  to 
any  conductor  produce  in  it  a  potential  V,  then  the  capacity 
of  the  conductor  is  given  by — 

r      Q 
=  V' 
where  C  denotes  the  capacity  of  the  conductor.     Another 
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way  of  expressing  this  definition  is  to  say  that  the  capacity 
of  a  conductor  is  measured^by  the  quantity  of  electricity 
necessarj/  to  raise  the  ~conductor  to  unit  potential.  Thus,  if 
a  charge  6T  JO  units!  of'eTecEiicity  raise  the  potential  of  a 
conductor  to  5  units,  then  the  capacity  of  the  conductor  is 

given   by  the   ratio  — -  =  2,  that  is,  the  conductor  requires 

2  units  of  electricity  to  raise  it  to  unit  potential.  Similarly, 
if  a  conductor  at  potential  V  receive  a  charge  Q,  raising  the 

potential  to  V,  then  C  =      ,        ,  that  is,  the  capacity  of 

V  — ••  ••  V 

a  conductor  is  measured  by  the  quantity  of  electricity 
necessnry  to  raise  its  potential  by  unity.  Thus,  if  a  charge 
of  10  units  of  electricity  raise  the  potential  of  a  conductor 
from  2  to  7,  then  the  capacity  of  the  conductor  is  given 

by  = — ^  =  — -  =  2,  that  is,  the  conductor  requires  2  units 

of  electricity  to  raise  its  potential  by  unity. 

These  ideas  will  be  more  easily  realised  by  considering  a 
simple  illustration.  If  the  same  quantity  of  water  be 
poured  into  tubes  of  different  bores,  the  level  of  the  water 
in  each  tube  will  be  different,  and  the  capacity  of  any 
tube  may  be  conveniently  denned  as  the  quantity  of  water 
necessary  to  raise  the  level  of  the  water  in  the  tube 
through  unit  distance.  This  definition  of  the  capacity  of 
the  tube  relative  to  quantity  of  water  and  level  is  analogous 
to  the  definition  of  electrical  capacity  relative  to  quantity 
of  electricity  and  potential. 

It  can  be  shown  mathematically  that  the  potential  due 
to  a  charge  Q,  at  any  point  at  a  distance  r  from  the  charge, 

is   given   by  — .      Hence,   if    a  charge   Q  be  given   to   a 

spherical  conductor  of  radius  R,  the  potential  of  the  con- 
ductor will  be  the  potential  at  any  point  of  its  surface  due 
to  the  charge  Q,  the  latter  being  supposed  to  act  from  the 
centre  of  the  conductor.  That  is,  the  potential  of  the 

conductor  is  given  by  V  =  — ,  where  Q  denotes  the  charge 
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ami  R  the  radius.     From  the  relation  given  above  however 

we  have   V  =  ^,  where  Q  denotes  the  charge  and  C  the 

(J 

c.-ipacity  of  the  conductor  —  lienc  e,  in  the  case  of  a  spherical^ 
conductor  the  capacity  is  measures 

us,~iiv  be  expressed  in  ergs  per  unit  of  quantity, 
and  Q  in  electrostatic  units  of  quantity  (Art.  6),  then  the 
radius  of  a  spherical  couductor  in  centimetres  will  express 
the  capacity  of  that  conductor. 

From  the  ratio  C  =  ^  we  have  Q  =  VC  ;  that  is,  if  a 

conductor  of  capacity  C  be  charged  to  poteLtial  V,  then  the 
quantity  of  electricity  with  which  it  is  charged  is  given  by 
Q  =  VC.  Thus,  if  a  spherical  conductor  of  radius  10  cms. 
be  charged  so  that  10  ergs  of  work  have  to  be  done  in 
bunging  a  positive  unit  from  the  earth  up  to  its  surface, 
that  is,  to  potential  10,  then  the  charge  on  the  conductor  is 
given  by  — 

Q  =  10  x  10  =  100  electrostatic  units  of  quantity. 

If  two  conductors  charged  to  different  potentials  are 
brought  into  contact,  they  take  up  a  common  potential  and 
share  the  combined  charge  in  direct  proportion  to  their 
capacities  ;  for  example,  if  two  conductors  of  respective 
capacities  3  and  5  are  made  to  share  their  charges,  then 
one  takes  |  and  the  other  J  of  the  combined  charge.  To 
determine  the  common  potential  which  two  or  more  con- 
ductors take  on  sharing  their  charges,  we  must  remember 
two  things  —  first,  that  the  total  quantity  of  electricity  is 
the  same  before  and  after  sharing  ;  second,  that  the  capacity 
of  two  or  more  conductors  in  contact  with  one  another  is 
the  sum  of  the  individual  capacities  of  the  conductors. 
Thus,  if  two  conductors  of  capacities  C\  and  C2  be  charged 
to  potentials  Vl  and  V2  respectively,  then  on  being  placed 
in  contact  they  will  take  up  a  common  potential  V  given 

by— 

QiVl  +  C1t1  =  (Cl  +  C^Tj 

or 

cyy,  +  C2v8 


= 
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The  expression  C^Vj  +  C2V2  gives  the  quantity  of  elec- 
tricity before  contact,  and  (G1  +  G2)V  expresses  the  same 
quantity  after  contact  and  redistribution  of  the  charge. 
If  the  conductors  be  separated  they  will  still  retain  the 
potential  V,  and  the  charges  on  them  will  be  in  the  ratio 
G! :  C2  ;  that  is,  the  charge  on  the  conductor  of  capacity  Cx 

will  be  — — — T  of  the  total  charge  on  both  conductors,  and 


the  charge  on  that  of  capacity  C2  will  be 


of  the  total 


charge. 

The  quantitative  comparison  of  potential  is  made  by  means 
of  instruments  called  electrometers.  Most  electrometers  are 
instruments  of  very  elaborate  construction,  so  that  here  we 


Fig,  30. 

can  only  give  a  brief  description  of  a  simple  form  of  the 
one  most  generally  used.  Sir  William  Thomson's  Quadrant 
Electrometer  consists  essentially  of  four  quadrantal  boxes 
(such  as  might  be  obtained  by  cutting  a  shallow  cylindrical 
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brass  box  into  four  quadrants)  and  a  light  needle  of 
aluminium  foil,  suspended  by  a  fine  silver  wire,  so  that  it 
hangs  inside  these  boxes.  Fig.  30  shows  three  of  the 
quadrants,  a,  b  and  c,  and  the  needle,  n,  the  fourth  quadrant, 
d,  being  removed  to  show  the  needle. 

The  four  quadrants  are  mounted  horizontally  on  in- 
sulating glass  stems,  and  the  suspension  wire  of  the  needle 
is  attached,  as  shown  in  the  figure,  to  a  suspension  head,  S. 
The  principle  of  action  of  the  instrument  is  simple.  The 
needle  n  is  charged  to  a  comparatively  high  constant 
potential,  by  connecting  it  to  the  inner  coating  of  a  charged 
Ley  den  jar  :*  thus  charged,  it  is  attracted  by  the  neutral 
brass  quadrants ;  but  if  it  lie,  as  in 
Fig.  31,  symmetrically  along  one  of  the 
lines  of  separation  of  the  quadrants,  the 
forces  of  attraction  are  in  equilibrium, 
and  the  needle  is  not  displaced.  If,  how- 
ever, the  four  quadrants  are  divided  into 
two  pairs  by  connecting  opposite  quad- 
rants (a  to  c,  and  b  to  d),  the  needle  may 
be  deflected  by  charging  these  pairs  to  -pig.  si. 

unequal  potentials. 

For  example,  if  the  needle  be  charged  positively,  and  the 
quadrants  a  and  c  positively,  and  b  and  d  also  positively, 
but  to  a  lower  potential  than  a  and  c,  then,  since  the 
capacity  of  each  pair  of  quadrants  is  the  same,  the  charge 
on  b  and  d  is  less  than  on  a  and  c,  and  therefore  the  force 
of  repulsion  between  b  and  d  and  the  needle  is  less  than 
between  a  and  c  and  the  needle.  As  a  consequence,  the 
needle  is  deflected  towards  b  and  c?  by  a  couple  equal  to  the 
difference  between  the  couples  due  to  the  charges  on  J,  d, 
and  a,  c.  This  difference  depends  ultimately  on  the 
potential  of  the  needle  and  the  difference  of  potential 
between  6,  d,  and  «,  c,  'and  therefore  the  deflection  depends 
upon  the  potential  of  the  needle  and  the  difference  of 
potential  between  the  pairs  of  quadrants. 

If  the  potential  of  the  needle  be  maintained  at  a  constant 
high  value,  and  if  the  deflection  be  small,  it  can  be  shown 
*  See  Art.  28. 
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that  the  difference  of  potential  between  the  two  pairs  of 
quadrants  is  proportional  to  the  deflection.  Thus,  if  one 
pair  of  quadrants  be  connected  to  a  charged  conductor,  the 
conducting  system  made  up  of  the  conductor  and  the  two 
connected  quadrants  will  be  at  a  potential  very  slightly 
less  than  that  of  the  conductor  before  connecting  it  with 
the  quadrants.  Now,  if  the  other  pair  of  quadrants  be 
connected  to  earth,  or  earthed,  the  difference  of  potential 
between  the  quadrants  will  practically  be  that  of  the 
charged  conductor,  and  the  deflection  of  the  needle  will 
be  proportional  to  that  potential.  Similarly,  with  any 
other  charged  conductor,  a  deflection  proportional  to  its 
potential  may  be  obtained,  and  the  ratio  of  the  two  deflec- 
tions is  thus  a  measure  of  the  relative  potentials  of  the  two 
conductors. 

For  convenience  the  Ley  den  jar,  with  which  the  needle 
is  connected,  is  arranged  in  the  base  of  the  instrument. 
It  consists  of  a  glass  vessel,  J  (Fig.  30),  coated  outside  with 
tinfoil,  and,  when  in  use,  half  tilled  with  strong  sulphuric 
acid.  The  acid  being  a  conductor  serves  as  the  inner  coating 
of  the  jar,  and  also  helps  to  secure  good  insulation  by 
absorbing  all  moisture.  The  needle  is  connected  to  this 
inner  coating  by  means  of  the  piece  of  wire  to  which  it  is 
attached,  and  which  is  of  sufficient  length  to  dip  into  the 
acid.  The  opposite  quadrants  are  connected  by  short  pieces 
of  fine  copper  wire,  and  the  brass  rods  t,  t,  which  are  carried 
outside  the  glass  case  covering  the  instrument,  are  connected 
to  two  adjacent  quadrants,  and  thus  serve  to  make  contact 
with  the  two  pairs  of  quadrants ;  they  are  called  the  ter- 
minals of  the  instrument.  Another  similar  brass  rod,  jt 
communicates,  by  means  of  a  short  length  of  platinum  wire 
suspended  from  it,  with  the  acid  in  the  jar,  and  its  terminal 
thus  represents  the  knob  of  the  jar.  As  in  the  torsion 
balance,  the  couple  deflecting  the  needle  is,  in  the  position 
of  equilibrum,  balanced  by  the  opposing  couple  due  to  the 
torsion  on  the  wire,  which,  to  secure  the  necessary  sensitive- 
ness, must  be  very  fine.  As  the  deflection  is  in  general 
very  small,  the  lamp  and  scale  method  illustrated  in  Fig.  32 
is  chosen.  The  light  from  the  lamp  passes  through  a 
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small  circular  aperture  just  below  the  scale,  and,  passing 
slightly  upwards,  falls  on  a  small  concave  mirror,  m,  attached 
to  the  wire  carrying  the  needle.  It  is  thence  reflected  back 
on  to  the  scale,  where  an  image  of  the  aperture  is  formed, 
and  if  a  fine  wire  be  stretched  vertically  across  the  slit  the 
image  of  the  wire  enables  the  position  of  the  reflected  "  spot " 
of  light  to  be  accurately  read  off  on  the  scale.  When  the 
needle  is  deflected  even  through  an  extremely  small  angle, 
the  spot  on  the  scale  moves  through  an  appreciable  distance, 
and  for  small  deflections  the  angle  of  deflection  may  be  taken 
as  proportional  to  the  deflection  of  the  spot  as  measured  by 


Fig.  32. 

the  divisions  on  the  scale.  Fig.  32  shows  the  scale  and 
lamp  adjusted  to  the  mirror  m,  but  the  student  can  appre- 
ciate all  the  details  of  the  arrangement  only  by  seeing  and 
working  with  the  apparatus. 

The  electrometer  in  some  form  or  other  is  the  measuring 
instrument  in  electrostatics.  Its  use  in  comparing  potentials 
has  already  been  referred  to,  but  it  may  also  be  used  in  the 
measurement  of  capacity  and  electrical  quantity.  As  an 
example  of  the  method  of  measuring  capacity,  let  it  be 
required  to  determine  the  capacity  of  a  given  conductor, 
say  a  tin  can.  A  spherical  conductor  of  known  radius  *  is 

*  The  diameter  of  the  sphere  should  be  about  equal  to  the  largest 
dimension  of  the  given  conductor. 
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carefully  insulated  and  connected  to  one  of  the  terminals  of 
the  electrometer,  the  other  terminal  being  put  to  earth. 
This  conductor  is  then  charged  until  the  needle  of  the 
electrometer  experiences  a  considerable  deflection,  and  the 
corresponding  deflection  of  the  spot  on  the  scale  is  read  off 
and  noted  down.  The  given  conductor  is  now  insulated  and 
put  in  contact  with  the  charged  spherical  conductor.  A 
division  of  the  charge  then  takes  place,  and  the  potential  of 
the  compound  conductor  takes  a  value  lower  than  that  first 
indicated  by  the  electrometer.  The  reduced  deflection  of 
the  spot  is  then  read  off  and  noted  for  comparison  with  the 
initial  deflection.  Let  d^  and  d2  denote  these  deflections  in 
the  order  obtained,  and  let  V\  and  V2  denote  the  potentials 
to  which  they  correspond,  that  is,  the  initial  potential  of  the 
charged  spherical  conductor,  and  the  potential  of  the  system 
made  up  of  the  two  conductors  in  contact.  Then,  if  Q 
denote  the  charge  given  to  the  spherical  conductor,  G1  its 
capacity,  and  02  the  required  capacity  of  the  given  con- 
ductor, we  have — 

Q  =  VA  (1) 

also 

Q  =  V2  (Ct  +  C2)  (2) 

for  (Ci  +  Cj)  is  the  capacity  of  the  compound  conductor 
made  up  of  the  two  conductors  in  contact.  Hence,  from 
(1)  and  (2)  we  have — 


that  is, 
But 


Yi_^i 
V,  ~  df 


V,       dt 
and  therefore 

that  is, 
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But  G!  is  known,  for  it  is  given  by  the  radius  of  the 
spherical  conductor,  also  d^  and  d.2  have  been  noted,  there- 
fore C2  can  be  calculated  from  this  relation. 

Now  that  potential  and  capacity  can  be  measured,  it  is 
evident  that  quantity  can  also  be  measured,  for,  to  deter- 
mine the  magnitude  of  the  charge  on  any  conductor,  it 
is  only  necessary  to  determine  its  potential,  V",  and  capacity, 
C,  and  then  to  apply  the  relation  Q  =  VC. 

In  the  description  given  above  of  the  method  of  measur- 
ing capacity,  it  has  been  assumed  that  the  capacity  of  the 
quadrants  of  the  electrometer  is  negligible,  compared  with 
the  capacities  of  the  conductors  employed.  This  is  not 
always  the  case,  but  it  is  always  easy  to  determine  the 
capacity  of  the  quadrants,  and  to  include  it  in  working 
out  the  relation  between  Cj  and  C2.  A  simple  method 
of  effecting  this  determination  is  as  follows.  Let  two 
spherical  conductors  of  capacities  Cx  and  C2,  measured  by 
their  radii,  be  charged  to  the  same  potential,*  and  their 
potentials  compared  when  joined  successively  to  the  quad- 
rants of  the  electrometer.  Let  c  denote  the  capacity  of 
the  quadrants  of  the  instrument,  V  the  common  initial 
potential  of  the  two  conductors,  and  Vt  and  Y2  the  poten- 
tials assumed  by  these  conductors  when  connected  with  the 
quadrants ;  then,  if  d±  and  d2  denote  the  deflections  corre- 
sponding to  these  potentials,  we  have — 


and 
that  is, 

But 

and  therefore 


*  This  is  readily  done  by  charging  them  in  contact, 
Mag.  6 


82 
or 


ELECTROSTATICS. 
0,0,  (d2—d^ 


In  this  relation  C^  and  C2  are  known,  d^  and  <72  are 
given  by  the  experiment,  and  c  is  therefore  completely 
determined. 

28.  Electrical  Condensers.  In  Fig.  33  let  A  represent 
a  spherical  conductor  of  radius  Rj,  to 
which  a  positive  charge  Q  is  given. 
The  potential  of  the  conductor  due  to 

this  charge  is  ^-.     Let  this  conductor 


be  surrounded  by  a   hollow  conducting 
shell,  B,  of   radius   E,2.     This   shell   is 
connected   to   earth,  and  the   space  be- 
.  33.  tween  the  conductors  is  supposed  to  be 

filled  with  air.  The  positive  charge  Q 
acting  inductively  across  the  layer  of  air  between  A  and  B 
induces  a  negative  charge,  —  Q,  on  the  inner  surface  of  B, 
and  repels  a  positive  charge  equal  to  Q  to  earth.  The 
potential  of  A  is  now  due  to  its  own  charge  and  to  the 

charge  on  B.    The  potential  due  to  its  own  charge  is  ^j-  and 

K! 

that  due  to  the  charge  on  B  in    .-—  ;  *  hence,  the  poten- 

K2 

tial  of  A  is  ^  —  ^  ,  that   is,   its    original   potential    ^j- 

±\>1         1^2  JLVJ 

is  now  diminished  by  a  quantity  equal  to  ^j-.     This  result 

**2 

shows  that  the  capacity  of  A  has  been  increased  by  sur- 
rounding_it">witli  the  'earth-conriecred  conductor  J3,  i'or  the 
of  electriity,  Q,  raises  it  to  a  lower  potential 

wrmM  nOW 

*  The  potential  of  B  is  •  —  —  -,  and  therefore  the  potential  of  all 

points  within  it  is  —  ?.      Art.  24. 
ii, 
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be  required  to  raise  it  by  unit  potential.  The  capacity 
of  A  by  itself  is  ~Rlt  but  after  surrounding  it  with  B,  it  is 
greater  than  this,  and  its  value  may  be  determined 
from  the  fact  that  the  charge  Q  raises  it  to  potential 

-  ^-,    that  is,  if  0   denote  the  increased  capacity  we 

1*1         ivg 

have  — 

Q  _  Q_  _  Q 
0  -  K,       iy 

for  ^    also  expresses    the    potential    of    the    conductor. 
O 

This  gives  — 


or 


From  the  fact  that  the  capacity  of  A  is  increased  by  the 
presence  of  the  earth-connected  conductor  B,  this  arrange- 
ment of  conductors  is  called  an  electrical  condenser.  A 
greater  quantity  of  electricity  must  now  be  given  to  A 
to  raise  it  to  a  given  potential,  that  is,  the  arrangement 
of  the  conductors  A  and  B  as  a  condenser  enables  A  to 
receive  a  greater  charge  for  a  given  rise  of  potential  than 
it  can  receive  as  a  simple  conductor.  For  example,  if  A 
be  connected  to  the  prime  conductor  of  an  electrical 
machine  it  will  be  charged  to  the  potential  of  the  prime 
conductor,  but  the  magnitude  of  the  charge  will  be  much 
greater  when  it  forms  a  condenser  with  B  than  when  it  is 
charged  as  an  ordinary  conducting  body. 

It  is  not  at  all  necessary  that  a  condenser  should  have 
the  form  indicated  in  Fig.  33.  Any  two  conductors 
separated  by  a  layer  of  insulating  substance  will  act  as 
a  condenser.  One  conductor  must  be  insulated,  and  the 
other  must  be  earth-connected  —  the  former  receives  the 
charge,  the  latter  by  the  reaction  of  its  induced  charge 
diminishes  the  rise  of  potential  due  to  the  charge,  and 
admits  of  greater  accumulation  of  electricity  than  if  no 
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earth-connected  conductor  were  present.     A  familiar  form 
of  condenser  is  the  ^Epinus  air  condenser  shown  in  Fig.  34. 


Fig.  Si. 

This  consists  of  two  metal  discs,  A  and  B,  mounted  on  in- 
sulating stands.  They  are  set  parallel  to  each  other,  and  the 
layer  of  air  between  them  forms  the  separating  insulating 
medium.  Imagine  A  connected  to  the  prime  conductor 
P  of  an  electrical  machine,  and  B  connected  to  earth. 
Then  A  receives  a  positive  charge,  and  its  potential 
gradually  rises.  At  the  same  time  a  negative  charge  is 
induced  on  B,  and  the  negative  potential  at  A  due  to  this 
charge  also  increases. 

Hence,  the  rise  of  potential  in  A,  due  to  the  charge 
coming  from  P,  is  retarded  by  the  negative  potential,  due 
to  the  induced  charge  on  B,  and  thus  a  large  quantity 
of  electricity  will  flow  into  A  before  it  rises  to  the 
potential  of  P.  This  action  of  the  condenser  may  also 
be  seen  in  this  way.  Imagine  B  to  be  removed,  and  A 
connected  with  the  prime  conductor ;  then  electricity 
will  flow  into  A,  and  it  will  quickly  attain  the  potential 
of  P.  If  B  be  now  placed  in  position  a  negative  charge 
is  induced  in  it,  and  the  potential  at  A  due  to  this  induced 
charge  will  reduce  the  potential  of  A  to  a  value  below 
that  of  P,  and,  as  a  consequence,  a  further  flow  of  electricity 
will  take  place  from  P  to  A,  until  equality  of  potential  is 
again  established. 

T>      T> 

From  the  relation,  C  =-^5 — *    ^L  ,  obtained  above,  it  is 

— 
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evident  that  the  capacity  of  the  spherical  air-condenser 
there  considered  increases  as  the  difference  (R2  —  RI) 
diminishes  ;  that  is,  the  thinner  the  layer  of  air  between 
the  plates  of  the  condenser,  the  greater  the  capacity.  Also, 
if  R!  and  R2  are  nearly  equal,  and  therefore  large  compared 
with  the  difference  between  them  (R.2  —  RI),  then  we  may 

II2 
write  0  =  -7,  where  R  is  the  mean  of  Rx  and  R2  and  d 

Cu 

the  thickness  of  the  layer  of  air  between  the  plates.  But 
4  TT  II2,  being  the  area  of  the  surface  of  a  sphere  of  radius  R, 
is  approximately  equal  to  the  surface  area  of  either  of  the 

plates  of  the  condenser ;  that  is,  4  TT  R2  =  S,  or  R2  =  ^_, 

where  S  denotes  the  area  of  the  surface  of  one  of  the  plates 
of  the  condenser.  Hence,  substituting  this  value  for 

R2  S 

R2  in  C  =  —  we  have  C  = 


TV  t?        J-lt*  V  V         \~S       —  -         ~. !• 

d  4  TT  d 

It  can  be  shown  that  this  result  is  roughly  true  for  a 
condenser  of  any  form,  so  long  as  d  is  small  compared  with 
the  other  dimensions.  Hence  we  see  that  the  capacity  of 
such  a  condenser  varies  directly  as  the  surface  area  of  its 
plates,  and  inversely  as  the  thickness  of  the  layer  of  air 
between  the  plates ;  that  is,  the  larger  the  plates  and  the 
closer  they  are  together  the  greater  will  be  the  capacity  of 
the  condenser  they  form. 

Further,  it  is  found  by  experiment  that  the  capacity  of  a 
condenser  varies  with  the  nature  of  the  insulating  medium 
or  dielectric  separating  its  plates.  For  example,  if  the 
capacity  of  a  condenser  with  air  as  dielectric  be  C,  then  the 
capacity  of  the  same  condenser  with,  say,  shellac  as  dielec- 
tric will  have  a  different  value,  C^  and  with  paraflin  as 
dielectric  another  different  value,  C2,  and  so  on.  Th;s  varia- 
tion of  capacity  with  the  nature  of  the  dielectric  em  ployed 
depends  upon  the  specific  inductive  capacity  of  the  dielectric  ; 
and  the  ratio  of  tke  capacity  of  a  condenser  with  some  given 
xii  I  stance  as  dielectric,  to  the  capacity  of  the  same  condenser 
with  air  as  dielectric,  is  a  measure  of  the  specific  inductive 
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capacity  of  the  given  substance.     Hence,  if  the  capacity  of 

8 

an  air  condenser  be  taken  as  j — ^>  then  the  capacity  of 

that  same  condenser  with  a  substance  of  specific  inductive 

TC  S 
capacity   K  as   dielectric   is   given  by   .        •   that  is,  the 

capacity  of  a  condenser  of  given  form  and  dimensions  in- 
creases with  the  specific  inductive  capacity  of  the  dielectric 
between  its  plates. 

There  are  several  simple  forms  of  apparatus  constructed 
to  illustrate  the  action  of  a  condenser.  If  a  small  square  of 
tinfoil  be  pasted  on  the  middle  of  one  surface  of  a  pane  of 
glass  it  will  act  as  an  insulated  conductor,  but  its  capacity 
is  very  small,  that  is,  it  can  take  only  a  very  small  charge. 
Hiis  may  be  shown  by  transferring  the  charge  from  the 
prime  conductor  of  a  machine  to  the  tinfoil  by  means  of 
a  proof-plane.  At  the  first  contact  a  small  spark  passes, 
indicating  the  transfer  of  the  charge  from  the  proof-plane 
to  the  foil ;  at  the  second  contact  the  spark  is  much  feebler, 
and  after  a  few  times  no  spark  can  be  seen  or  heard, 
indicating  that  the  foil  has  been  raised  to  the  potential  of 
the  proof-plane,  and  that  no  further  transfer  can  be 
effected.  If,  however,  another  similar  piece  of  foil  be  pasted 
on  the  other  side  of  the  pane,  directly  opposite  the  first 
piece,  and  connected  to  earth,  the  two  pieces  of  tinfoil  act 
as  a  condenser,  and  a  much  larger  charge  may  now  be  given 
to  the  first.  If  the  charging  be  effected  as  before  by  means 
of  the  proof-plane,  it  will  be  found  that  a  very  great 
number  of  contacts  have  to  be  made  before  the  cessation  of 
the  spark  indicates  that  the  charging  is  complete.  The  two 
pieces  of  foil  are  now  charged,  the  one  positively  and  the 
other  negatively ;  but  if  either  be  touched  with  the  finger  no 
discharge  takes  place,  because  each  charge  is,  at  it  were, 
bound  by  the  attraction  of  the  other.  Hence  a  condenser 
cannot  be  discharged  by  touching  or  "  earthing  "  either  of 
its  plates,  but  if  the  two  plates  be  connected  by  any  con- 
ducting material,  discharge  at  once  takes  place,  that  is,  the 
two  opposite  charges  unite  and  neutralise  each  other.  If 
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the  discharge  takes  place  through  the  human  body,  for  ex- 
ample, if  the  plates  of  a  condenser  be  connected  by  placing 
one  hand  on  one  plate  and  the  other  on  the  other  plate,  the 
discharge  takes  place  through  the  arms  and  shoulders,  and 
a  convulsive  muscular  jerk,  commonly  called  the  electric 
"  shock,"  is  experienced.  This  is  more  or  less  severe  accord 
ing  to  the  energy  of  the  discharge. 

A  very  familiar  form  of  condenser  is  called  the  Leyden 
Jar.  It  consists,  as  shown  in  Fig.  35,  of  a  glass  jar  having 
an  inner  and  outer  coating  of  tinfoil. 
These  coatings  cover  the  bottom  and 
sides  up  to  about  three-quarters  of  the 
height  of  the  jar,  and  act  as  the  plates 
of  the  condenser.  To  exclude  dust,  and 
for  convenience  in  use,  the  mouth  of  the 
jar  is  closed  by  a  lid  made  of  dry  well- 
varnished  wood,  and  contact  is  made 
with  the  inner  coating  by  means  of  a 
brass  rod,  which  passes  through  the  cen- 
tre of  the  lid.  This  rod  terminates  above  Fig.  35. 
in  a  rounded  knob  and  carries  below 
a  loose  piece  of  brass  chain,  the  lower  end  of  which  rests  on 
the  tinfoil.  To  charge  the  jar  the  inner  coating  is  put  in 
connection  with  the  prime  conductor  of  an  electric  machine, 
that  is,  the  knob  of  the  jar  is  connected  to  the  prime  con- 
ductor or  is  put  in  direct  contact  with  it,  and  the  outer 
coating  is  connected  to  earth,  for  example,  by  being  held  in 
the  hand.  The  inner  coating  thus  receives,  say,  a  positive 
charge,  and  an  equal  negative  charge  is  induced  on  the 
inner  surface  of  the  outer  coating,  the  corresponding  positive 
charge  being  repelled  to  earth.  These  charges  in  the  jar 
exert  mutual  attraction,  and  must  therefore  reside  on  the 
surfaces  of  the  coatings  nearest  the  glass,  or  on  the  inner 
and  outer  surfaces  of  the  glass  itself  where  they  are  as 
near  as  possible  to  each  other.  That  this  is  actually  the 
case  may  be  shown  experimentally  by  means  of  a  jar  with 
movable  coatings  (Fig.  36).  The  jar  is  charged  in  the  usual 
way  and  placed  upon  an  insulating  stand,  for  example,  on 
a.  sheet  of  dry  varnished  glass.  The  inner  coating  is 
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lifted  out  by  means  of  an  insulating  loop  of  silk  thread  or 
ribbon  and  placed  on  the  sheet  of  glass.  The 
glass  jar  is  now  lifted  out  of  the  outer  coating 
and  also  laid  on  the  glass.  If  either  of  the 
metallic  coatings  be  now  removed  and  tested 
by  the  electroscope,  it  will  be  found  to  possess 
no  charge  whatever ;  but  if  the  jar  be  put  to- 
gether again  as  before,  it  will  be  found  to  be  as 
strongly  charged  as  at  first.  This  shows  that 
the  charge  may  be  located  on  the  surfaces  of 
the  glass  which  forms  the  dielectric  of  the  con- 
denser. If  a  Leyden  jar  be  charged  and  placed 
upon  an  insulating  stand,  either  coating  may  be 
connected  to  earth,  for  example,  by  touching  it 
with  the  hand,  without  discharging  it,  because 
the  charges  are  mutually  bound,  and  neither 
can  escape  because  of  the  attraction  exerted 
by  the  other.  If,  however,  the  two  coatings  be 
connected,  discharge  at  once  takes  place;  for 
example,  if  the  little  finger  be  placed  on  the 
outer  coating,  and  the  thumb  be  gradually 
brought  near  the  knob  of  the  inner  coating,  the  strain 
in  the  air-gap  separating  the  two  will  ultimately  become 
too  great,  and  a  spark  will  pass,  producing  an  oscillatory 
discharge  of  the  jar  and  a  convulsive  shock  in  the  muscles 
of  the  hand. 

Similarly,  if  a  jar  be  charged  and  laid  on  the  table,  and 
a  person  standing  on  the  floor  present  his  knuckle  to  the 
knob,  spark  discharge  at  once  takes  place  through  table, 
floor,  and  the  person  of  the  experimenter.  A  safer  and 
more  pleasant  method  of  discharging  a  jar  is  by  means  of 
the  discharging  tongs  of  Fig.  37,  or  by  a  bent  piece  of 
stout  copper  wire  held  in  the  hand. 

The  capacity  of  a  Leyden  jar,*  as  of  any  other  form  of 

*  The  Leyden  Jar  being  a  condenser  in  which  the  thickness  of 
the  glass  is  small  compared  with  its  other  dimensions,  its  capacity 

is  approximately  given  by  C  =  -7— -^  where  S  denotes  the  area  of 
either  coating,  K  the  sp.  ind.  cap.,  and,  d  the  thickness  of  the  glass, 
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condenser,  varies  with  its  size :  the  larger  it  is  the  greater 
is  its  capacity,  and  for  a  given  size  the  capacity  is 
inversely  proportional  to  the  thickness  of  the  glass 
jar,  and  directly  proportional  to  the  specific  induc- 
tive capacity  of  the  kind  of  glass  used.  It  is  not 
convenient  to  construct  or  work  with  very  large 
jars,  so  when  a  jar  of  very  large  capacity  is  re- 
quii  ed,  the  expedient  of  uniting  several  small  jars 
together  is  adopted.  The  outer  coatings  are  all 
connected  together,  generally  by  placing  them  in 
a  box  lined  with  tinfoil,  and  the  inner  coatings 
are  all  joined  by  short  brass  rods  passing  from  knob  to 
knob.  This  arrangement  of  jars  is  called  a  battery  of  jars, 
and  if  n  jars  are  so  arranged,  they  are  in  reality  equivalent 
to  one  jar  n  times  as  large,  and  consequently  of  n  times 
the  capacity  of  one  of  the  components  of  the  battery. 
The  capacity  of  a  jar  is  also  increased  by  using  thin  glass, 
but  the  glass  must  not  be  too  thin,  or  it  may  break  down 
under  the  strain  due  to  the  mutual  attraction  of  the 
charges. 

If  a  jar  be  strongly  charged,  and  then  discharged,  it  will 
be  found  that  if  allowed  to  stand  for  some  time  a  second 
small  spark  may  be  obtained  by  discharging  it  again.  This 
charge  which  thus  collects  in  the  jar  on  standing  is  called 
the  residual  charge.  It  is  due  to  the  gradual  recovery  of  the 
glass  from  the  strain  produced  by  the  stress  to  which  it  is 
subjected  while  the  jar  is  charged.  Hence  the  more  highly 
the  jar  is  charged  and  the  longer  it  remains  charged 
before  being  discharged,  the  greater  will  be  the  residual 
charge.  The  magnitude  of  this  charge  also  varies  with 
the  nature  of  the  dielectric  :  an  air  condenser,  for  ex- 
ample, exhibits  no  residual  charge,  the  air  appearing  to 
recover  instantaneously  from  the  strain  to  wiiich  it  is 
subjected. 

The  condensing  electroscope  is  an  application  of  the 
principle  of  the  condenser  which  is  sometimes  very  con- 
venient. The  instrument  shown  in  Fig.  38  is  an  ordinary 
gold-leaf  electroscope,  with  a  somewhat  larger  cap  than 
usual.  The  cap  C  acts  as  the  insulated  plate  of  a  condenser, 
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and  another  similar  brass  disc,  D,  acts  as  the  other  plate. 
This  disc  is  usually  attached  to  an  insulating  handle,  h,  and 
is  carefully  varnished,  so  that  when  laid  on  the  cap  of  the 
electroscope  the  two  plates  form  a 
condenser  with  a  very  thin  layer 
of  dielectric  made  up  of  the  varnish 
and  a  film  of  air.  If  it  be  required 
to  test  the  electrification  of  a  body 
of  very  large  capacity,  but  at  a 
very  low  potential,  the  ordinary 
electroscope  would  be  of  no  use. 
For,  on  placing  the  body  in  contact 
with  the  cap  of  the  instrument,  the 
common  potential  of  the  system 
would  be  slightly  less  than  the 
initial  potential  of  the  body,  and 
the  capacity  of  the  leaves  is  so 
small  that  the  quantity  of  elec- 
tricity necessary  to  charge  them  to 
this  low  potential  is  not  sufficient 
to  cause  any  appreciable  diver- 
gence. If,  however,  a  condensing 
electroscope  be  used  with  its  plates 
C  and  D  in  position  as  a  condenser, 
and  the  body  be  placed  in  contact 
with  C,  while  D  is  connected  to 
earth,  the  plate  C  will  receive  a  very  large  charge.  The 
common  potential  of  the  system  will,  however,  be  much 
lower  than  the  initial  potential  of  the  body,  and  conse- 
quently the  charge  in  the  leaves  is  not  sufficient  to 
cause  any  divergence.  When  the  condenser  is  charged, 
let  the  body  be  removed,  and  the  plate  D  slowly  raised. 
As  D  is  raised,  the  potential  of  C  rises,  owing  to  the 
recession  of  the  opposite  charge  on  D,  and  electricity 
flows  down  to  the  leaves,  and  ultimately  produces  diver- 
gence. When  D  is  entirely  removed,  the  capacity  of  C 
is  so  much  reduced  that  the  charge  it  received  as  the 
plate  of  a  condenser  is  sufficient  to  raise  it  and  the  gold 
leaves  to  a  very  high  potential,  and  thus  the  latter  ro- 
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ceive  a  sufficient  charge  to  produce  divergence  by  mutual 
repulsion.* 

The  potential  of  a  condenser  is  the  potential  of  the  insu- 
plate  when  the  other  is  earth-connected,  or,  more 
,  it  is  the  difference  of  potential  between  the  two 
plates.  The  capacity  of  a  condenser  is  therefore  equal  to  the 
quantity  of  electricity  necessary  to  produce  unit  difference 
of  potential  between  its  plates.  If  V  be  the  potential  of  a 
condenser,  and  C  its  capacity,  then  the  charge  in  it  is  given 
by  Q  =  VC,  and  the  potential  energy  of  that  charge  or  the 
energy  of  discharge  is,  as  in  the  case  of  a  simple  conductor, 
given  by  |QV. 

It  will  be  noticed  that  the  capacity  of  a  condenser 
depends  upon  three  things.  1.  The  size  of  the  plates — the 
greater  the  size  the  greater  the  capacity]  2.  The  thickness^ 
of  the  dielectric — the  greater  the  thickness  the  less  the 
capacity.  3.  The  specific  inductive  capacity_of  the  dielectric 
— the  greater  the  specific  inductive  capacity~the  greater  the 
capacity. 

The  capacities  of  two  condensers  may  be  compared 
experimentally  by  the  following  method,  due  to  Faraday. t 
Let  the  condensers  be,  for  example,  two  Leyden  jars  of 
capacities  Ct  and  C2,  and  let  the  one  of  capacity  Cx  be 
charged  to  potential  V.  The  quantity  of  electricity  with 
which  this  jar  is  charged  is  given  by  Q  =  Cx  V  (1) ;  and  if 
it  be  made  to  share  its  charge  with  the  other  jar  by  putting 
the  two  knobs  in  contact,  no  electricity  will  be  lost,  but  the 
common  potential  of  the  two  jars  after  contact  will  be  less 
than  V.  Let  this  common  potential  be  denoted  by  v,  then, 
as  in  Art.  27,  we  have — 

Q  -  (Ct  +  C,)  «,  (2) 

for   during  contact  the   two   jars  form   one  condenser   of 
capacity  (Gl  +  C2). 

*  The  charge  on  the  leaves  depends  upon  their  capacity  and  the 
potential  to  which  they  are  raised  (Q  =  CV).  Their  capacity  is  very 
Huall ;  hence,  for  an  appreciable  charge,  the  potential  must  be  high. 

f  This  method  is  identical  with  that  given  on  p.  80  for  comparing 
the  capacities  of  two  conductors, 
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Hence,  from  (1)  and  (2)  we  have — 

C.V  -  (d  +  C2)  9. 
or 

that  is, 


This  relation  expresses  the  required  ratio  of  the  capacities 
of  the  two  condensers  in  terms  of  the  potentials  V  and  ?' 
Now  these  potentials  can  be  compared  by  means  of  the 
Quadrant  Electrometer,  and  an  experimental  comparison  of 
the  capacities  of  any  two  condensers  can  thus  be  made. 

To  compare  the  potentials  V  and  v  by  means  of  the 
Quad)  ant  Electrometer,  it  is  only  necessary,  after  adjusting 
the  instrument,  to  earth  one  terminal,  that  is,  to  connect  it 
to  iron  gas  or  water  pipes  by  means  of  a  wire,  and  to 
connect  the  knob  of  the  jar  to  the  other  terminal.  The 
outer  coating  is  earthed,  and  the  deflection  of  the  needle 
is  then  proportional  to  the  potential  of  the  inner  coating, 
that  is,  to  the  potential  of  the  jar  as  a  condenser. 

]f  therefore  the  deflection  of  the  spot,  given  by  the  jar 
of  capacity  Cj,  before  sharing  the  charge  with  the  other  jar, 
is  denoted  by  D,  and  the  deflection  given  by  either  jar  after 
the  sharing  of  the  charge  by  d,  then — 

V  _  D 
v  ~  d' 
and 

0.  «  d 


C2       V  -  v        D-d' 

Compound  condensers  of  very  large  capacity  may  be 
made  by  joining  together  a  large  number  of  simple  con- 
densers in  the  way  indicated  in  the  battery  of  Leyden 
jars.  For  example,  if  a  large  number  of  sheets  of  tinfoil 
and  paraffined  paper  be  laid  alternately  on  one  Another,  a 
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condenser  may  be  formed  by  connecting  together  the  1st, 
3rd,  5th,  etc.,  sheets  of  foil  as  one  plate  of  the  condenser, 
and  the  2nd,  4th,  6th,  etc.,  sheets  as  the  other  plate.  The 
sheets  of  paraffined  paper  act  as  the  dielectric ;  but  in  the 
better  forms  of  condensers,  thin  sheets  of  mica  are  used 
instead. 


CALCULATIONS. 
THE  potential  at  any  point  at  a  distance  r  from  a  charge  q  is  £ 

when  the  intervening  medium  is  air,  and  ~  when  the  intervening 

medium  has  a  specific  inductive  capacity  K.  (Art.  24.) 

If  a  conductor  be  charged  with  a  quantity  of  electricity  Q  to  a 
potential  V,  then  the  potential  energy  of  the  charge  is  given  by 

i  Q  V  =  \  V2  C  -  \  ®\  (Art.  25.) 

If  Q  be  expressed  in  electrostatic  units  of  quantity  (Art.  6),  and 
V  in  ergs  per  unit  of  quantity,  then  the  energy  of  the  charge  is 
expressed  in  ergs. 

The  electrical  capacity  of  a  conductor  is  defined  as  the  ratio  of 
the  charge  given  to  the  conductor  to  the  potential  to  which  the 
conductor  is  raised  by  that  charge.  That  is, 

0  =  5, 

where  Q  denotes  the  quantity  of  electricity  constituting  the  charge, 
V  the  potential  to  which  the  conductor  is  raised,  and  C  the  capacity 
of  the  conductor.  (Art.  27.) 

In  the  case  of  a  spherical  conductor  of  radius  R,  the  potential  to 
which  it  is  raised  by  a  charge  Q  is  given  by — 

V  -  5.  (Art.  24.) 

But  from  the  relation  just  given  we  have — 

Therefore, 

C-B, 

That  is,  the  capacity  of  a  spheie  is  measured  by  its  radius. 

(Art.  27.) 

From  the  ratio  C  =  ^  we  have  Q  =  V  C. 
94 
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That  is,  if  a  conductor  of  capacity  0  be  charged  to  a  potential  V, 
Him  the  quantity  of  electricity  with  which  it  is  charged  is  given 
by  Q  -  V  C.  (Art.  27.) 

Similarly,  if  a  quantity  of  electricity  Q  raise  the  potential  of  a 
conductor  from  V  to  V,  then  the  capacity  of  that  conductor  is 
given  by — 


-.27.) 

If  two  conductors  of  capacities  C,  and  C2  be  charged  to  potentials 
V,  and  V2,  then  on  being  placed  in  contact  they  will  take  up  a 
common  potential  V,  given  by — 

p   V     a-   P  V 

V  =     !  ,'          a    2.  (Art.  27.) 

Oj   4-   O2 

That  is,  for  any  number  of  conductors — 


2  (C)  ' 

After  contact  the  charge  on  the  conductor  of  capacity  C,  is 
of  the  total  charge  on  both  conductors,  and  the  charge  on  that  of 
capacity  C2  is  ^ — 2—^  of  the  total  charge.    The  ratio  of  the  charges 

on  the  two  conductors  is  therefore  Gl  :  C2,  and  each  conductor  has 
the  same  potential  V. 

The  capacity  of  an  air  condenser  (that  is,  a  condenser  in  which 
air  is  the  insulating  medium  between  the  plates)  formed  of  two 
concentric  spherical  surfaces  of  radii  1^  and  R2  is  given  by — 

C  =      R'B«  (Art.  28.) 

K,  —  K, 

If  V  denote  the  potential  of  a  condenser,  and  C  its  capacity,  then 
the  charge  in  it  is  given  by  Q  —  V  C,  and  the  energy  of  this  charge 


EXAMPLES  IL 

1.  The  potential  at  a  point  10  cm.  from  the  centre  of  a  charged 
sphere  of  5  cm.  radius  is  1  C.G.S.  unit.  Find  the  energy  of  the 
charge  on  the  sphere. 

Here,  if  Q  denote  the  charge  on  the  sphere,  we  have — 

-  1,  or  Q  »  10  C.G.S.  units  of  quantity. 
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Hence,  the  potential  of  the  sphere  is  given  by — 

¥  =  2C.G.S.units, 

0 

and  for  the  energy  of  the  charge  we  therefore  have— 

E  -  1  Q  V  =  I  .  10  .  2  =  10  ergs. 

_  z 

2.  A  charge  of  50  C.G.S  units  raises  the  potential  of  a  spherical 
conductor  from  10  to  15  units.    Find  the  radius  of  the  conductor. 

The  capacity  of  the  conductor  is  from  the  definition  given  by — 

C  -       50        -  50  -  10 
~  15  -  10  ~    5 

and  since  the  capacity  of  a  spherical  conductor  is  measured  by  its 
radius,  the  radius  of  the  given  conductor  is  10  cm. 

3.  A   spherical  conductor  of  5   cm.    radius,   and  charged  to  a 
potential  of  100  units,  is  placed  inside  a  larger  uncharged  spherical 
conductor  of  10  cm.  radius,  and  made  to  touch  its  inner  surface. 
Find  the  potential  to  which  the  larger  conductor  is  raised. 

Here,  all  the  charge  from  the  smaller  sphere  passes  to  the  larger 
(Art.  18).    Hence  we  have— 

5  x  100  =  10  x  V, 

where  V  denotes  the  required  potential  of  the  larger  sphere. 
That  is, 

10  V  -  500, 
or 

V  =  50  C.G.S  units. 

4.  The  smaller  conductor  of  question  (3),  after  having  been  dis- 
charged by  contact  with  the  inner  surface  of  the  larger  conductor, 
is  taken  out  and  connected  with  the  latter  by  a  long  thin  wire.     Find 
the  common  potential  which  the  conductors  attain,  and  the  charge 
on  each. 

Here,  if  V  denote  the  common  potential  of  the  conductors,  we 
have — 

V  (5  + 10)  -  (50  x   10)  +  0. 

That  is. 

15V  =  5:0, 
or 

V  s=  —  -  33-S  units  of  potential 
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The  charge  on  the  larger  conductor  — 


j£  x  500  =  333-3  units  of  quantity, 

and  that  on  the  smaller  = 

5 

-=  x  500  =  166 -6  units  of  quantity, 
lo 

5  A  spherical  air  condenser,  the  radii  of  whose  spherical  surfaces 
are  8  cm.  and  10  cm.  respectively,  is  charged  so  that  the  difference 
of  potential  between  its  plates  is  80  units.  Find  its  charge. 

The  capacity  of  a  condenser  is  given  by — 


and  since  Q  —  V  C  we  have— 

Q  =  80  x  40  =  3200  units  of  quantity. 

6.  A  Ley  den  jar  charged  to  a  potential  of  200  units  made  to 
share  its  charge  with  a  spherical  conductor  of  20  cm.  radius.  The 
potential  of  this  conductor  is  then  found  to  be  100  C.G.S.  units. 
Find  the  capacity  of  the  Ley  den  jar  and  the  energy  of  its  discharge 
before  and  after  sharing  its  charge  with  the  spherical  conductor. 
Also  find  the  energy  lost  when  the  charge  is  shared. 

If  C  denote  the  capacity  of  the  jar,  we  have,  since  no  electricity 
is  lost  during  the  sharing  of  the  charge — 

200  C  =  100  C  +  (100  x  20), 
or 

100  C  =  2000, 
that  is, 

C  =  20  units. 

The  charge  of  the  jar  before  sharing  with  the  spherical  conductor 
is  given  by — 

Q  =  20  x  200  =  4000  units  of  quantity, 
and  the  energy  of  its  discharge  would  therefore  be — 

I  x  4000  x  200=  400000  ergs. 

Mag.  '          7 
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After  sharing  with  the  spherical  conductor,  the  jar  retains  a  charge 
equal  to  — 

20 

x  4000  =  2000  units  of  quantity, 


and  the  energy  of  its  discharge  would  now  be  — 
x  2000  x  100  =  100000  ergs. 


The  energy  lost  when  the  charge  is  shared  will  be  given  by  the 
difference  between  the  energy  of  the  charge  in  the  jar  before  sharing 
with  the  spherical  conductor,  and  the  sura  of  the  energy  of  the  jar 
after  sharing,  and  the  energy  of  the  charge  on  the  spherical  con- 

20 
ductor.     This  latter  charge  is  equal  to  ^  x  4000  =  2000  units  of 

quantity.     Hence  its  energy  is  ^  x  2000  x  100  =  100000  ergs,  and 
we  therefore  have  — 

Energy  lost  =  400000  -  (100000  +  100000) 
=  400000  -  200000 
«=  200000  ergs. 

7.  A  conductor  of  capacity  C  is  charged  to  a  potential  V.    Show 
that  the  energy  of  its  charge  is  given  by  -  V2  C. 

8.  Four^qual  charges,  each  of  10  units,  are  placed  one  at  each  of 
the  four  corners  of  a  square  of  5  cm.  side.     Find  the  potential  at  the 
centre  of  the  square  and  at  the  middle  point  of  either  of  the  sides. 

9.  A  sphere  of  10  cm.  diameter  charged  with  50  C.G.S.  units  of 
electricity  is  placed  in  contact  with  an  insulated  tin  can,  and  the 
potential  of  the  conductors  after  contact  is  found  to  be  5  C.G.S. 
units.     Find  the  capacity  of  the  tin  can. 

10.  Two  equally  charged  spherical  conductors  of  radii  a  and  b  are 
connected  by  a  long  thin  wire.    Find  the  ratios  of  their  common 
potential  after  contact  to  the  potential  of  each  before  contact. 

11.  Find  an  expression  for  the  energy  lost  when  a  charged  Leyden 
jar  is  made  to  share  its   charge  with  another  exactly  equal   and 
similar  jar.     In  what  sense  is  the  energy  lost  ?  what  becomes  of  it  ? 

12.  The  thickness  of  the  air  layer  between  the  two  coatings  of  a 
spherical  air-condenser  is   2  cm.      The    condenser  Las  the  same 
capacity  as  a  sphere  of  120  cm.  diameter.     Find  the  radii  of  its 
surfaces, 
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13.  Two  small  equal  insulated  metal  spheres  arc  charged  with 
quantities  of  electricity  in  ratio  3  to  7  respectively,  and,  when  placed 
at  a  distance  from  each  other  equal  to  several  times  their  diameter, 
they  are  found  to  repel  each  other  with  a  certain  force  :  they  are 
then  made  to  touch  each  other  and  afterwards  separated  to  3  times 
their  previous-  distance.     Compare  the  force  now  exerted  between 
them  with  that  exerted  before  they  were  brought  in  contact. 

14.  Give  the  theory  of  the  Leyden  jar  and  show  how  to  charge  it. 
A  quantity  of  electricity  =  5  is  conducted  into  the  interior  of  a 

Leydeii  jar  of  surface  =  2 ;  and  a  quantity  of  electricity  =  6  is 
conducted  into  the  interior  of  a  similar  jar  of  surface  =  3.  .  Compare 
the  heat  developed  by  discharging  each. 

15.  What  is  the  law  of  attraction  and  repulsion  between  small 
bodies  charged  with  electricity  ? 

Tf  a  number  of  insulated  bodies,  some  charged  positively  and  some 
negatively,  be  suspended  within  an  insulated  tin  canister,  what  will 
be  the  condition  of  the  outside  of  the  canister,  and  under  what  cir- 
cumstances w ill  it  possess  no  charge  ? 

16.  Explain  the  electrical  terms  potential,  capacity,  and  specific 
inductive  capacity. 

Assuming  that  the  quantity  of  electricity  produced  by  a  plate 
machine  is  proportional  to  the  number  of  turns  of  the  disk,  explain 
how  the  capacities  of  two  condensers  may  be  compared. 

17.  If  a  metal  ball,  hung  by  a  dry  silk  thread,  be  made  io  touch  the 
inside  of  an  electrified  meial  jar  and  then  carried  to  an  electroscope, 
the  electroscope  is  not  affected  ;  but,  if  the, electroscope  is  connected 
with  the  inside  of  the  jar  by  a  wire,  it  receives  a  charge.     Account 
for  the  difference  between  the  two  results. 

18.  A,  B,  and  C  are  three  Leyden  jars,  equal  in  all  respects.     A  13 
charged,  made  to  share  its  charge  with  B,  and  afterwards  to  sharo 
the  remainder  with   C — both  B  and   C   being  previously  without 
charge.     The  three  jars  are  now  sepaiately  discharged.     Compare- 
the  quantity  of  heat  resulting  from  each  discharge  with  \.hat  woulJL 
have  been  produced  by  the  discharge  of  A  before  any  sharing  of  its 
charge. 

19.  It  is  usually  said  that  two  portions  of  electricity  attract  or 
repel  each  other  with  a  force  that  is  inversely  proportional  to  the 
square  of  the  distance   between  them.      Docs  it  follow  that  the 
attraction  or  repulsion  between  two  electrified  bodies  is  always  in 
the  inverse  ratio  of  the  square  of  their  distance  ?     If  not,  show  why 
not  :  and  explain  generally  the  conditions  under  which  the  law  of 
inverse  squares  does  or  does  not  apply  to  the  force  between  two 
electrified  bodies. 

20.  How  would  you  compare  the  •lectric  capacities  of  two  Leyden 
jars  1    A  Leyden  jar  is  charged  and  caused  to  share  its  charge  with 
another  jar  whose  linear  dimensions  are  double  its  own.     How  is  the 
charge  distributed,  and  how  is  the  potential  related  to  the  original 
potential  ? 
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21.  An  insulated  conductor,  elongated  in  shape,  is  placed  near  a 
charged  sphere.     How  would  you  investigate  the  distribution  of  the 
electricity  on  its  surface  ? 

Describe  some  method  of  charging  two  bodies  so  that  they  may 
contain  equal  quantities  of  electricity  of  the  same  kind. 

22.  Two  small  equal  insulated  spheres,  placed  10  centimetres  apart, 
are  charged  respectively  with  5  and  20  units  of  electricity.      The 
spheres  are  made  to  touch  and  then  replaced  ;  what  are  the  forces 
between  them  before  and  after  contact  respectively  ? 

23.  Two  spheres,  of  diameters  9  and  3,  are  connected  by  a  long 
thin  wire,  and  144  units  of  electricity  are  shared  between  them. 
Compare  their  charges ;  and  describe  how  to  study  the  distribution 
of  electricity  on  their  surfaces  when  they  are  brought  nearer  together. 
From  which  sphere  would  a  brush  discharge  first  occur?    Give  a 
reason. 

24.  Given  a  large  fixed  insulated  sphere,  how  would  you  proceed 
to  test  its  charge  (i.)  for  sign ;  (ii.)  for  approximate  amount  ?     In 
what  units  would  you  express  the  quantity  of  electricity  on  it  ? 


*29.  Electric  Force  exerted  by  a  Charged  Sphere  at  a 
Point  near  its  Surface.  If  Q  denote  the  charge  on  the 
sphere,  and  a-  the  surface  density  of  the  charge,  then  we 
have — 

Q  =  47rrV, 

where  r  denotes  the  radius  of  the  sphere. 

For  all  points  external  to  the  sphere  the  charge  acts  as 
if  it  were  a  point-charge  at  the  centre  of  the  sphere,  and 
the  electric  force  at  a  point  just  outside  the  sphere,  that 
is,  at  a  distance  r  from  its  centre,  is  given  by — 

=    47T(T. 

That  is,  the  electric  force  exerted  by  a  charged  sphere  on  a 
point  infinitely  near  its  surface  is  4:  IT  a-  where  <r  denotes 
the  surface  density  of  the  charge  on  the  sphere.  It  can  be 
shown  that  this  result  is  true  not  only  for  a  sphere,  but  for 
for  any  closed  conductor.  The  electric  force  inside  a  closed 
conductor  is  zero  (Art.  13);  hence,  for  a  point  just  outside 
the  electrified  surface  the  electrical  force  is  4  TT  o-,  and  for  a 
point  just  inside  the  surface  it  is  zero ;  that  is,  as  the  point 
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passes  through  the  electrified  surface  the  force  changes  by 

47T(T. 

*30.  The  Electric  Force  exerted  by  a  Charged  Plane 
Surface  of  Indefinite  Extent  at  a  Point  near  it.  If  a  small 
plate  be  charged  the  surface  density  of  the  charge  will  be 
greater  at  the  edges  than  at  the  central  parts  of  the  plate. 
If,  however,  the  plate  be  very  large  the  surface  density  over 
a  small  area  near  its  centre  will  be  practically  uniform.  Let 
this  density  be  denoted  by  o-,  then  it  can  be  shown  that  the 
force  exerted  at  a  point  infinitely  near  this  area  is  2  TT  a- ; 
this  force  will  be  of  opposite  sign  on  opposite  sides  of  the 
plate :  that  is,  on  one  side  it  will  be  -f  2  TT  cr,  and  on  the 
other  —  2  TT  cr  (for  a  positive  unit  of  electricity  would  be 
repelled  in  opposite  directions,  on  opposite  sides  of  the 
plate),  and,  consequently,  as  the  point  passes  through  the 
electrified  surface  the  force  changes  by  47r<r,  just  as  in 
the  case  considered  in  the  preceding  article. 

By  the  following  guard-plate  arrangement  it  is  possible 
to  charge  a  small  plate  so  that  the  surface  density  of 
the  charge  is  uniform.  Let  a  small  circular  plate  be  cut 
centrally  out  of  a  larger  plate  and  slightly  reduced  in  size 
so  that  it  fits  freely,  without  contact,  into  the  ring  left  in 
cutting  it  out  of  the  larger  plate.  If  this  plate  and  ring 
be  connected  together  by  a  fine  wire  and  the  arrangement 
insulated  and  charged,  the  surface  density  of  the  charge 
on  the  small  plate  will  be  uniform  when  it  is  in  the  same 
plane  as  the  ring.  The  presence  of  this  ring  prevents 
increase  of  surface  density  at  the  edge  of  the  ring,  and  for 
this  reason  is  called  a  guard-ring. 

*31.  The  Attracted-disc  Electrometer.  The  absolute 
measurement  of  difference  of  potential,  that  is,  its  direct 
determination  in  ergs  per  unit  of  quantity,  can  be  effected 
by  means  of  Thomson's  Attracted-diso  Electrometer.  The 
principle  of  this  instrument  consists  in  balancing  the  attrac- 
tion  between  two  parallel  discs  at  different  potentials,  and 
at  a  known  distance  apart,  by  a  weightorother  force  which" 
can  be"  expressed  in  absolute  uhits_jj£ZSrce.  The  firsr 
instrument—of^  this  kind  was  usecfby  Sir  William  Snow- 
Harris;  the  essentials  of  this  instrument  are  shown  ir 
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Fig.  39.  The  parallel  discs  are  shown  at  a  and  6,  and  the 
attraction  between  them,  when  at  different  potentials,  is 
measured  by  weights  placed  in  scale-pan  P,  which,  when 
empty,  exactly  balances  the  disc  6,  when  there  is  no  electrical 
attraction  between  it  and  the  disc  a.  The  attraction  between 
a  and  b  is  thus  measured  in  absolute  units  of  force,  and  as 


Fig.  39. 

this  attraction  can  be  expressed  in  terms  of  the  difference 
of  potential  between  a  and  b,  it  is  evident  that  this  difference 
can  be  expressed  in  absolute  O.G.S.  units  of  potentials. 

The  modern  form  of  the  instrument  is  due  to  Sir  William 
Thomson  ;  the  balance  part  of  Snow-Harris'  form  is  replaced 
by  the  arrangement  indicated  in  Fig.  40.  The  attracted- 
disc,  C,  surrounded  by  a  guard-ring,  B,  is  suspended  by 
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wires,  in  the  way  shown,  from  one  end  of  a  metal  beam,  L, 
pivoted  at  a  by  a  wire  stretched  between  two  metal  supports. 
This  beam  carries  a  counterpoise  Q,  at  its  other  end,  and 
the  weight  of  Q,  together  with  torsion  on  the  suspending 
wire,  is  more  than  sufficient  to  support  C  in  the  plane  of  the 
guard-ring,  so  that  to  bring  it  down  to  this  position  it  is 
necessary  to  fipply  a  downward  force,  which  can  be  deter- 
mined by  placing  weights  on  C  until  the  indicator  attached 
to  it  shows  that  B  and  C  are  on  the  same  plane.  This 
indicator  consists  of  a  fine  black  hair  (w)  stretched  across 
the  forked  end  of  the  lever  L ;  when  C  is  in  position  this 


Fig.  40. 

hair  lies  between  two  fine  black  dots  on  the  enamelled  surface 
of  the  metal  strip  S,  and  the  lens  I  is  provided  to  facilitate 
the  accuracy  of  this  adjustment  by  allowing  the  operator  to 
observe  a  clear  magnified  image  of  the  fine  hair  and  dots. 
The  plate  A,  which  is  considerably  larger  than  C,  is  carried 
by  an  insulating  support  attached  to  a  micrometer  screw 
arrangement,  by  which  the  distance  between  A  and  C 
can  be  varied,  and  the  amount  of  this  variation  exactly 
measured. 

Before  describing  how  the  instrument  is  used,  it  will  be 
necessary  to  show  briefly  how  the  force  of  the  attraction 
between  two  plates  at  different  potentials  can  be  expressed 
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in  terms  of  their  difference  of  potent:al.  In  the  arrange- 
ment of  Fig.  40,  let  the  plate  C  be  charged  to  potential  V, 
and  let  the  surface  density  of  the  charge  be  denoted  by  o-. 
If  A  be  now  connected  to  earth  it  remains  at  zero  potential, 
but  a  charge  of  opposite  sign  to  that  on  C  is  induced  on  it, 
and  the  surface  density  of  this  charge  will  be  denoted  by 
—  tr.  The  difference  of  potential  between  the  plates  is  there- 
fore V,  that  is,  V  units  of  work  would  be  done  in  conveying 
unit  quantity  of  electricity  from  A  to  C,  hence  if  f  denote 
the  electric  force  in  the  space  between  the  plates,  and  d  the 
distance  between  the  plates,  we  have  —  -fd  =  V,  for  the  field 
of  force  between  the  plates  is  uniform.  But  the  electric 
force  between  the  plates  is  given  by  47ro-,  for  a  positive  unit 
of  electricity  would  be  repelled  downwards  by  C  with  a  force 
2  TTCT,  and  it  would  be  attracted  downwards  by  A  with  a 
force  27ro-,  hence  the  total  force  which  it  would  experience 
would  be  ivro-  downwards.  Giving  this  value  to  /,  we  get 
4  Tra-d  =  Y,  or  o-  =  Y/4  ird. 

Now  each  unit  of  electricity  on  0  is  attracted  downwards 
by  A,  with  a  force  2  TT  o-,  and  if  S  denote  the  area  of  C  the 
charge  on  it  is  So-,  and  the  total  force  with  which  A  attracts 
it  down  is  Scr  x  2  TT  o-  =  2  TT  So-2.  If  this  force  be  denoted 
by  F  we  have  — 

F  =  27rS<r2, 
But, 

<r  =  V/47r^. 
Therefore, 

_  27rSVa          8V2 
~ 
and 


That  is,  if  F  is  constant,  the  difference  of  potential  between 
the  plates  is  proportional  to  their  distance  apart. 

We  can  now  describe  the  method  of  using  Thomson's 
Attracted-disc  Electrometer  ;  the  plate  C  is  always  adjusted 
by  sighting  the  indicator  to  the  plane  of  the  guard-ring,  but 
the  adjustment  is  made  by  moving  A  up  or  down  until  the 
force  of  attraction  between  the  plates  is  equal  to  the  known 
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force  necessary  to  bring  0  into  the  sighted  position,  that  is, 
the  distance  between  the  plates  is  varied  so  that  the  force 
of  attraction  between  them  always  has  a  constant  known 
value.  Hence,  one  way  of  using  the  instrument  would  be 
as  follows :  let  the  conductor,  whose  potential  is  to  be 
measured,  be  connected  to  C  and  the  guard-plate,*  and  let 
A  be  earthed.  Then  let  the  position  of  A  be  adjusted  until 
C  occupies  thy  sighted  position  and  distance  d  between  the 
plates  0  and  A  measured.  The  required  potential  of  the 
conductor  will  then  be  given  by  the  relation  obtained 
above — 

V  =  d 

where  d,  F  and  S  (the  area  of  C)  are  known.  This  direct 
method,  however,  does  not  give  good  results,  because  it  is 
difficult  to  measure  d  accurately,  so  the  following  indirect 
method  has  to  be  adopted. 

The  plate  C  and  the  guard-ring  are  maintained  at  a 
constant  potential,  and  the  plate  A  is  first  connected  to 
earth  and  adjusted  in  position  until  C  is  in  position.  The 
reading  of  the  micrometer  screw  attached  to  the  pillar 
supporting  A  is  then  taken,  and  the  connection  between  A 
and  the  earth  broken.  The  plate  A  is  next  connected  to 
the  conductor  whose  potential  has  to  be  measured,  and  again 
adjusted  for  the  equilibrium  of  C.  The  reading  of  the 
micrometer-screw  is  again  taken,  and  th<3  difference  of  the 
two  readings  noted  ;  this  difference  gives  the  distance  through 
which  the  plate  A  has  been  moved  in  effecting  the  second 
adjustment.  Now,  if  V  denote  the  constant  potential  at 
which  the  plate  C  and  guard-ring  are  maintained,  and  v  the 
potential  to  be  measured,  then  we  have,  since  the  potential 
of  A  for  the  first  adjustment  is  zero — 

*  The  plate  C  and  the  guard-plate  are  connected  by  a  wire  joining 
the  guard-ring,  with  the  metal  supports  on  which  the  lever  L  is 
pivoted. 
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where  dl  denotes  the  distance  between  the  plates  when  the 
first  adjustment  is  made.     Similarly  we  have  — 


V  -  v  =  d2  ^f  (2) 

where  d.2  denotes  the  distance  between  the  plates  when  the 
second  adjustment  is  made.  Hence,  subtracting  (2)  from 
(1)  we  get  — 


where  v  denotes   the   required   potential,   and  (dl  —  d2)  is 
accurately  given  by  the  micrometer  screw,  as  the  difference 

/o         T^i 

of  two  readings.     The  factor   y  —  ^-  may  be  determined 

once  for  all  as  a  constant  of  the  instrument. 

*32.  Specific  Inductive  Capacity.  In  Art.  28  it  is  explained 
that  the  specific  inductive  capacity  of  a  given  substance  is 
measured  by  the  ratio  of  the  capacity  of  a  condenser  with 
that  substance  as  dielectric  to  the  capacity  of  the  same 
condenser  (or  an  exactly  similar  one)  with  air  as  di- 
electric. Hence,  the  problem  of  measuring  the  specific 
inductive  capacity  of  any  substance  resolves  itself  into  one 
of  comparing  the  capacities  of  condensers.  The  first 
measurements  of  specific  inductive  capacity  were  made  by 
Faraday.  He  constructed  two  similar  spherical  condensers, 
each  of  which  consisted  of  an  inner  spherical  brass  ball  and 
an  outer  spherical  shell,  made  in  two  halves,  so  that  the 
space  between  might  be  readily  filled  with  any  given 
dielectric.  To  the  inner  sphere  was  attached  a  thin  brass 
rod  carrying  a  small  bra>s  knob,  and  this  rod,  insulated  by 
a  plug  of  shellac,  passed  through  the  outer  shell  and  formed 
the  pole  by  which  the  condenser  could  be  charged  —  that  is, 
it  performed  the  same  function  as  the  knob  of  a  Ley  den 
jar.  In  one  of  these  condensers  air  was  the  dielectric,  and 
into  the  other  different  substances  whose  specific  inductive 
capacities  were  to  be  determined  were  successively  intro- 
duced. In  each  case  the  capacities  of  the  two  condensers 
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were  compared  by  the  method  given  in  Art.  27,  and  the 
specific  inductive  capacity  of  the  substance  used  as  di- 
electric determined. 

Since  Faraday's  time  many  new  determinations  of  specific 
inductive  capacities  have  been  made.  Modern  experi- 
menters have  endeavoured  to  effect  improvements  mainly  in 
two  directions.  Firstly,  in  the  forms  of  condensers  used  and 
the  methods  of  comparison.  Guard-plate  and  cylindrical 
condensers  of  adjustable  capacity  are  used  in  preference 
to  spherical  condensers,  and  null  methods  of  comparison 
of  capacity  are  employed  instead  of  the  simple,  direct 
method  of  Art.  27.  Secondly,  efforts  are  made  to 
eliminate  the  effect  of  what  is  known  as  electrical  absorp- 
tion. When  a  condenser  is  charged  to  a  given  potential 
it  is  found  that  the  charge  which  it  takes  tends  to 
increase  with  the  time  of  charging.  It  was  at  first 
thought  that  the  charge  was  absorbed  by  the  dielectric — 
hence  the  term  absorption — but  it  has  been  shown  that  the 
effect  results  from  a  change  in  the  state  of  the  dielectric, 
which  requires  time  to  take  place,  and  which  is  analogous 
to  the  "  set "  which  a  wire  takes  when  subjected  to  torsion.* 
The  existence  of  this  effect  evidently  complicates  the 
question  of  comparing  capacities;  for  the  capacity  of  a 
condenser  will  vary  with  the  time  of  charging,  and  the 
amount  of  this  variation  will  also  depend  on  the  nature  of 
the  dielectric.  To  avoid  this  complication  methods  of  com- 
parison have  been  adopted  in  which  the  condensers  are 
charged  only  for  an  extremely  small  fraction  of  a  second, 
so  that  the  effects  of  absorption  are  reduced  to  a  minimum. 

*  The  recovery  of  the  dielectric  from  this  electrical  "  set "  explains 
the  existence  of  the  residual  charge ;  see  Art.  28. 


CHAPTER  VI. 
INDUCTION  ELECTRICAL  MACHINES. 

*33. — Introductory.  In  induction  electrical  machines  the 
supply  of  positive  and  negative  electricity  is  the  result  of 
continuous  inductive  action  between  the  charged  moving 
paits  of  the  machine.  The  electrophorus  described  in 
Art.  16  is  a  simple  form  of  induction  machine  supplying 
only  positive  electricity;  its  action,  however,  is  not  con- 
tinuous, and  the  manipulations  of  the  operator  take  the 
place  of  the  automatic  action  of  a  machine.  A  careful 
consideration  of  the  following  experiment  will  enable  the 
reader  to  grasp  the  principles  involved  in  the  action  of 
induction  machines.  Let  two  metal  vessels,  A  and  B,  be 
insulated  and  charged,  A  positively  and  B  negatively,  and 
let  a  brass  ball,  C,  suspended  by  a  silk  thread,  be  lowered 
into  one  of  them,  say  A.  If  C  be  now,  while  inside  A, 
connected  to  earth  for  an  instant,  it  becomes  negatively 
charged  by  the  inductive  action  of  the  charge  on  A,  and 
may  be  raised  out  of  A,  carrying  its  negative  charge  with 
it.  While  still  negatively  charged,  let  it  be  lowered  into 
B  and  allowed  to  touch  the  inner  surface  of  that  conductor ; 
it  at  once  gives  up  its  charge  to  B  (Art.  18),  and  the  negative 
charge  on  B  is  thereby  increased.  The  ball  C  is  now 
uncharged ;  but  if  connected  to  earth  for  a  moment  while 
it  is  still  inside  B,  it  will  acquire  a  positive  charge,  as  the 
result  of  the  inductive  action  of  the  negative  charge  on  B, 
and  this  charge  may  be  transferred  to  A  by  removing  C 
from  B,  and  putting  it  in  contact  with  the  inner  surface 
of  A.  The  operations  just  described  may  evidently  be 
repeated  indefinitely,  and  at  each  operation  tJie  initial 
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charges  on  A  and  B  are  increased.  This  accumulative 
action  will  go  on  until  the  conductors  A  and  B  are  charged 
to  such  a  potential  that  their  loss  of  charge,  owing  to 
imperfect  insulation,  is  as  great  as  their  gain  from  the 
carrier  C.  If  the  motion  of  C  were  controlled  by  machinery 
the  arrangement  just  described  might  be  considered  as  a 
form  of  induction  machine,  in  which  the  conductors  A  and 
B  represent  the  positive  and  negative  poles  respectively, 
and  if  these  conductors  were  furnished  with  knobs  nearly 
in  contact  a  spark  would  pass  between  them  when  the 
difference  of  potential  between  the  knobs  became  suffi- 
ciently great.  After  the  passage  of  this  spark,  however, 
the  action  of  the  arrangement  would,  in  general,  cease, 
for  the  conductors  A  and  B  would  be  almost  completely 
discharged.  We  shall  now  proceed  to  consider  a  simple 
modification  of  the  above  apparatus,  from  which  the  possi- 
bility of  continuous  action  will  be  more  easily  realised; 
but,  before  going  further,  the  reader  should  be  careful  to 
fully  understand  the  principles  of  action  involved  in  the 
above  arrangement.  These  are,  first,  the  inductive  action 
of  the  charged  conductors  A  and  B,  on  the  carrier  C,  when 
the  latter  is  connected  to  earth ;  second,  the  gradual  increase 
of  the  initial  charges  on  A  and  B  by  the  successive  transfer 
of  the  induced  charges  from  C. 

In  the  arrangement  of  Fig.  41,  let  the  conductors  A  and 
B  be  represented  by  two  short  arcs  of  brass  tube  split  along 
the  inner  edge,  and  the  carrier  C  by  the  small  brass  ball 
C,  attached  to  the  end  of  an  insulating  rod  pivoted  at  O, 
the  centre  of  the  circle,  of  which  the  axes  of  the  tubes  A 
and  B,  are  arcs.  The  ball  C,  when  rotated,  passes  freely 
through  the  tubes  A  and  B,  the  insulating  arm  passing 
through  the  split  on  the  inner  side  of  these  tubes.  To 
effect  the  necessary  contacts  with  the  earth  and  the 
conductors  A  and  B,  two  sets  of  springs,  a,  b  and  e,  e,  are 
provided ;  a  and  b  make  contact  with  A  and  B  respectively, 
and  e  and  e  both  with  the  earth.  Let  A  receive  a  small 
positive  charge,  and  imagine  C  to  rotate  in  the  direction 
indicated  by  the  arrow.  In  passing  through  A  the  carrier 
C  first  touches  the  spring  a,  but  has  not  yel  received  any 
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charge  to  give  up ;  it  next  touches  e,  and  is  for  an  instant 
connected  to  earth ;  the  positive  charge  on  A  now  acts 
inductively  011  it,  and,  as  a  result,  C  leaves  A  with  a 
negative  charge  induced  on  it  This  charge  is  carried  round 
towards  B,  and  when  C  touches  the  spring  b,  which  is  on 
the  inner  surface  of  B,  it  gives  up  all  its  charge  to  this 
conductor.  The  charge  on  B  is  now  increased,  and  when 
C  touches  the  spring  e  in  B  it  is  acted  on  inductively  by 
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this  increased  charge,  and  the  induced  charge  on  C  is 
carried  round  to  the  spring  a,  where  it  is  delivered  up  to 
A.  This  action  goes  on  until  A  and  B  are  charged  as 
highly  as  the  circumstances  of  their  insulation  will  permit. 
If  these  conductors  are  provided  with  knobs  which  can  be 
brought  near  each  other  by  means  of  sliding  rods  to  which 
they  are  attached,  successive  sparks  may,  under  favourable 
conditions,  be  made  to  pass  between  these  knobs,  for,  after 
the  passage  of  one  spark,  although  A  and  B  are  nearly 
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discharged,  a  sufficient  residual  charge  in  general  remains 
in  each  to  maintain  the  action  of  the  machine,  and  the 
conductors  A  and  B  are  again  quickly  charged  up  to  the 
necessary  difference  of  potential  to  give  the  spark  discharge 
between  the  knobs.  In  machines  constructed  on  this 
principle,  however,  it  is  not  usual  for  the  parts  here 
represented  by  A  and  B  to  form  the  poles  between  which 
spark  discharge  takes  place.  In  this  relation  let  us  con- 
sider a  further  modification  of  the  arrangement  of  Fig.  41. 
Let  the  carrier  C,  and  the  insulating  arm  which  carries  it, 
be  replaced  by  an  insulating  rod  pivoted  through  its  centre 
at  0,  and  bearing  at  each  end  a  carrier  C.  Further,  let 
the  springs  e,  e,  be  insulated  and  connected  with  one  another, 
instead  of  being  connected  to  earth.  The  rod  pivoted  at 
0  is  supposed  to  revolve  in  the  same  way  as  that  bearing 
the  single  carrier  C,  and  the  electrical  action  of  the  arrange- 
ment is  exactly  similar  to  that  described  above ;  when  one 
end  of  the  revolving  rod  is  in  contact  with  the  spring  e  in 
A,  the  other  end  is  in  contact  with  the  spring  e  in  B,  and 
it  is  evident  that  the  inductive  actions  of  the  charges  on 
A  and  B  work  together  to  induce  a  negative  charge  in 
the  end  of  the  rod  near  A,  and  a  positive  charge  on  the 
other  end  near  B.  If  now  a  gap  be  made  in  the  connection 
between  e  and  e,  it  will  be  seen  that,  if  the  inductive  action 
is  strong  enough,  a  spark  may  pass  across  this  gap,  and 
in  most  induction  machines  this  is  where  the  spark  dis- 
charge takes  place.  When  the  machine  is  starting  to  work, 
the  connection  between  e  and  e  should  be  continuous ;  but 
as  the  charges  on  A  and  B  accumulate,  and  the  inductive 
action  on  the  carriers  becomes  stronger  and  stronger,  a 
break  may  be  made  in  the  connection,  and  spark  discharge 
take  place  across  this  break,  without  interfering  with  the 
action  of  the  machine. 

Sir  William  Thomson,  in  1867,  constructed  a  small 
apparatus  known  as  Thomson's  Replenisher,  which  works 
in  exactly  the  same  way  as  the  arrangement  just  described. 
The  construction  of  the  instrument  is  sufficiently  explained 
by  the  Figs.  42  and  43,  which  are  lettered  to  correspond 
with  the  diagrammatic  figures  given  above.  The  darkly 
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shaded  parts  are  of  ebonite,  and  the  rest  of  metal.  The 
springs  e,  e,  are  connected  by  the  strip  of  brass  M,  which 
runs  round  the  ebonite  base,  on  which  the  spindle  for 
rotating  the  carrier  C  C  rests.  There  is  no  gap  in  this 
connection  between  the  springs  e,  e,  for  the  instrument  is 
not  required  to  produce  sparks.  It  is  used  in  Thomson's 
electrometers  to  maintain  the  Leyden  jar  at  a  constant 
potential — one  of  the  inductors,  A,  B,  is  connected  to  the 
inner  coating  of  the  jar,  and  the  other  to  earth ;  and  when 
the  potential  of  the  jar  shows  signs  of  falling  a  few  turns 
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of  the  carrier  quickly  restores  it  to  its  original  value,  which 
is  indicated  by  a  suitably  constructed  gauge. 

The  principles  involved  in  the  action  of  the  usual  forms 
of  induction  machines  are  completely  illustrated  by  the 
simple  apparatus  just  described,  but  it  is  somewhat  difficult 
at  first  sight  to  pick  out,  in  the  modern  forms  of  the 
machine,  the  parts  corresponding  to  the  several  parts  of 
the  arrangements  described  above.  Attention  to  the 
following  points  will  be  of  some  service  to  the  reader,  in 
this  respect.  It  is  evident  that  the  apparatus  of  Fig.  41, 
will  work  more  efficiently  if  we  have  a  number  of  carriers, 
instead  of  only  one  or  two,  Now,  the  most  convenient  way 
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of  arranging  a  number  of  insulated  carriers,  for  revolution 
round  a  central  axis,  is  to  fix  a  number  of  metal  studs 
round  a  circle,  near  the  edge  of  a  circular  glass  plate  which 
ran  be  rotated  on  an  axis,  passing  through  its  centre. 
1 1  nice  a  varnished  glass  plate  with  a  ring  of  metal  studs 
fixed  to  the  glass  in  a  circle  near  its  edge,  is  the  character- 
istic feature  of  an  induction  or  influence  machine,  and 
constitutes  the  carrier  system  of  the  machine.  In  some 
ca^es,  however  (for  example  in  the  first  forms  of  the  Holtz 
machine)  a  plain  glass  plate  without  any  metal  studs  on 
it,  forms  the  carrier  system ;  and,  on  the  other  hand,  in  the 
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most  recent  form  of  the  machine  (the  Wimshurst  machine) 
the  studs  on  the  plates  act  the  parts  of  the  inductors  A 
and  B  as  well  as  that  of  carriers.  The  springs  a,  b,  are 
represented  by  points,  or  fine  wire  brushes,  while  the 
springs  e,  e,  are  in  all  cases  represented  by  combs  of  fine 
points,  similar  to  those  used  in  f rictional  mr. chines. 

*34.  The  Holtz  and  Voss  Influence  Machines.  The  Holtz 
machine,  si. own  in  Fig.  44,  was  the  first  form  of  machine 
that  came  into  general  use,  as  a  substitute  for  f  rictional 
machines.  Its  construction  will  be  readily  understood  from 
the  figure,  which  is  lettered  in  accordance  with  the  notation 
used  above.  The  inductors  A,  B  (usually  called  armatures), 
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are  pieces  of  paper  fastened  to  the  back  of  the  fixed  plate 
of  glass,  shown  at  the  back  of  the  figuro.  The  pointed 
tongues  a,  £>,  of  these  armatures,  which  pi-otrude  through 
openings  in  the  plate,  represent  the  springs  a,  6,  of  Fig.  41, 
and  are  the  means  of  electrical  communication  between  the 
armatures  of  the  carriers.  The  smaller  g^ass  plate  C,  C,  in 
front  is  the  "  CRrrier  "  plate  of  the  machine,  and  its  rotation 
is  effected  by  means  of  the  strap  and  pulley  arrangements 
shown.  In  most  forms  of  the  Iloltz  machine,  this  carrier 
plate  is  a  plain  plate  of  varnished  glass,  having  no  metal 
studs  fixed  on  it;  the  surface  of  the  plate  acts  as  a  con- 
tinuous carrier,  much  in  the  same  way  as  if  a  ring  of  tin 
foil  were  pasted  round  it,  near  the  outer  edge.  In  front  of 
this  plate  are  arranged  the  combs,  e,  e,  which  communicate 
with  one  another  across  the  spark  gap  m  n.  To  work  the 
machine  a  small  charge  is  given  to  one  of  the  armatures, 
the  knobs  m,  n,  are  put  in  contact,  and  the  carrier  plate  C,  C, 
is  rotated ;  in  a  short  time  it  will  be  found  that  it  is  much 
more  difficult  to  effect  the  rotation,  and  if  the  room  is 
darkened,  brushes  of  light  will  be  seen  diverging  from  the 
teeth  of  the  combs.  If  the  knobs  m,  n,  be  now  separated, 
sparks  will  at  once  break  across  the  gap.  When  the 
difference  of  potential  between  A  and  B  is  very  great,  then 
the  action  of  the  single  pair  of  combs  e,  e,  on  the  rapidly 
rotating  plate  may  not  be  sufficient  to  admit  of  complete 
inductive  action  at  each  point  of  the  plate,  or  on  each 
carrier  on  the  plate,  as  it  passes  the  comb.  To  remedy 
this,  a  second  pair  of  combs  connected  by  a  continuous 
insulated  conductor  D,  is  used,  and  the  armatures  extended 
so  that  this  pair  of  combs  may  be  placed,  as  at/,/,  in  such 
a  position  that  it  may  complete  the  action  of  the  pair  e,  e. 
A  machine  provided  with  this  second  pair  of  combs  may 
evidently  be  started  without  m  and  n  being  in  contact. 

The  small  Leyden  jars  J,  J,  are  connected  to  the  combs 
in  order  to  increase  their  capacity,  and  thus  a  larger  charge 
can  be  accumulated  on  them,  before  spark  discharge  takes 
place  acroFS  m,  n,  and  when  this  spark  do~s  take  place  it 
is  much  louder  and  brighter  than  without  the  jars. 

The  Voss  machine  is  a  slight  modification  of  the  Iloltz 


INDUCTION    ELECTRICAL    MACHINES.  115 

machine.  The  carrier-plate  is  usually  furnished  with  a 
ring  of  metal  studs  as  carriers,  but  the  characteristic  of 
the  machine  is  that  it  is  self-starting;  small  brushes  of 
fine  wire  are  fixed  on  the  combs,  so  as  to  touch  the  carrier 
studs  as  they  pass,  and  the  friction  between  them  causes 
the  latter  to  become  very  slightly  charged,  and  thus  the 
initial  charge  is  obtained.  The  other  details  of  the  machine 
are  similar  to  those  of  the  Holtz. 


Pig.  45. 

*35.  The  Wimshurst  Machine.  This  is  the  most  recent  form 
of  influence  machine.  A  simple  form  is  shown  in  Fig.  45. 

In  construction  it  is  very  simple  and  is  practically  a 
simplified  Yoss  machine.  Instead  of  having  one  fixed  and 
one  movable  plate,  both  plates  of  this  machine  are  movable ; 
but  they  are  made  to  rotate  in  opposite  directions.  These 
plates,  which  are  exactly  similar,  are  plates  of  ordinary 
window  glass,  varnished  and  carrying  a  series  of  strips  of 
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metal  fixed  in  a  ring  round  the  plate,  with  their  lengths 
arranged  radially.  These  strips  serve  as  carriers  and  as 
armatures,  the  carriers  of  one  plate  being  in  succession 
armatures  for  the  carriers  on  the  other  plate. 

The  arrangement  of  brushes  in  this  maclmie  is  however 
somewhat  different  from  that  adopted  in  the  older  forms. 
The  combs  are  arranged  as  in  the  Voss  machine,  with  small 
brushes  attached  to  them  to  give  the  initial  charge  to  the 
carriers,  but  instead  of  the  tongues  of  the  armatures  there 
are  the  two  uninsulated  conductors  shown  in  the  figure,  one 
for  each  plate,  and  each  carrying  a  small  brush  of  fine 
brass  wire  at  each  end.  These  conductors  are  arranged  at 
right  angles  to  each  other,  and  at  an  angle  of  about  45° 
with  the  combs.  By  this  arrangement  each  carrier  is 
connected  to  earth  four  times  in  each  revolution  of  the 
plate,  and  at  each  contact  receives  a  charge  by  the  inductive 
action  of  the  charge  on  the  carrier  directly  opposite  it  on 
the  other  plate.  In  this  way  the  metal  strips  on  the  plates 
perform  the  functions  of  both  carriers  and  armatures,  and 
from  the  method  of  action  it  is  evident  that  the  plates  of 
the  machine  should  be  made  to  revolve  in  opposite  directions ; 
for  the  charges  on  the  carriers  of  one  plate  being  due  to 
the  inductive  action  of  those  on  the  carriers  of  the  other 
plate,  the  sign  of  the  charge  of  one  set  of  carriers  must  be 
opposite  to  that  of  the  other  set,  and  therefore  one  plate 
should  be  revolving  towards  one  comb,  say  that  at  which 
positive  electricity  is  collected,  and  the  other  plate  towards 
the  other  comb.  Similarly  it  will  be  seen  that,  on  each 
plate,  the  sign  of  the  charges  of  all  the  carriers  above  the 
combs  must  be  opposite  to  those  on  the  carriers  below  the 
combs.  This  last  result,  however,  obtains  in  all  forms  of 
influence  machine;  in  the  simple  machine  of  Fig.  41  the 
charge  on  the  carrier  reverses  each  half-revolution. 

The  machine  shown  above  has  only  two  plates,  but 
compound  machines  are  now  made  with  four,  six,  eight  and 
more  plates.  These  machines  can  be  made  to  give  sparks 
several  inches  in  length  and  are  very  convenient  for  general 
use ;  for,  unlike  the  friction  a  1  machines,  they  can  be  made 
to  work  under  almost  any  atmospheric  conditions. 
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MAGNETISM. 
CHAPTER    VII. 

FUND  A  MENTA  L  PHENOMENA . 

36.  Natural  Magnets.  The  name  magnet  was  applied  at  a 
very  early  date  to  pieces  of  a  mineral  found  in  Magnesia  in 
Asia  Minor.  These  specimens  of  what  is  now  known  as 
magnetite,  or  magnetic  iron  ore  (F3  O4),  were  found  to  possess 
the  property  of  attracting  pieces  of  iron  and  steel,  and  at 
a  later  date  it  was  found  that  when  properly  suspended  by 
a  fine  thread  they  took  up  a  definite  position,  always  point- 
ing approximately  north  and  south. 

Magnetite  is  found  in  abundance  in  Spain,  Sweden,  and 
various  parts  of  North  America,  but  not  always  in  the 
magnetic  condition.  If  a  specimen  exhibiting  magnetic 
properties  be  examined,  it  will  be  noticed  that  its  power  of 
attracting  pieces  of  iron  or  steel  varies  for  different  portions 
of  its  surface,  being  most  marked  at  two  regions  loosely  called 
the  poles  of  the  magnet.  These  poles  are  generally  placed 
at  two  extreme  points,  and  the  region  midway  between  them 
is  found  to  be  devoid  of  the  power  of  attraction  exercised 
by  the  other  portions  of  the  surface.  Thus,  if  a  magnet  be 
lolled  in  iron  filings  and  then  lifted  out,  the  filings  will  be 
found  adhering  thickly  to  the  poles  and  the  neighbouring 
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portions  of  the  surface ;  but  they  gradually  thin  off  as  the 
distance  from  the  poles  increases,  and  midway  between  the 
poles  no  filings  are  found  (Fig.  46). 

Dr.  Gilbert,  who  first  carefully  observed  these  properties 
of  the  magnet,  called  the  region 
midway  between  the  poles  the  equa- 
tor of  the  magnet,  and  the  imaginary 
line  joining  the  poles  the  magnetic 
axis.  This  latter  term  is  now  fre- 
Fig*46-  quently  used,  but  the  former  is 

seldom  seen. 

If  a  magnet  is  freely  suspended,  it  is  found  that  it  sets 
itself  so  that  the  plane  of  its  magnetic  axis  and  the  point 
of  suspension  lies  approximately  north  and  south.  Hence, 
in  order  that  this  phenomenon  of  polarity  may  be  most 
advantageously  exhibited,  the  magnet  should  be  suspended 
so  that  its  magnetic  axis  may  be  horizontal,  that  is,  the  point 
of  suspension  should  be  near  the  "  equator  "  of  the  magnet ; 
if  the  point  of  suspension  were  near  either  pole,  the  magnetic 
axis  might  be  vertical,  or  nearly  so,  and  the  magnet  would 
give  no  indication  of  polarity.  ^ 

If  two  magnets  be  suspended  at  a  distance  from  each 
other,  so  as  to  set  themselves  north  and  south,  it  will  be 
found  that  if  the  north-pointing  end  of  one  be  brought  near 
the  north -pointing  end  of  the  other,  mutual  repulsion  will 
be  exhibited.  Similarly,  if  the  south -point ing  pole  of  one 
be  brought  near  the  south-pointing  pole  of  another,  repulsion 
ensues ;  that  is,  similar  poles  repel  one  another.  If,  however, 
the  north-pointing  end  of  one  be  brought  near  the  south- 
pointing  end  of  the  other,  mutual  attraction  results;  that 
is,  dissimilar  poles  attract  one  another.  It  will  be  noticed 
that  these  laws  of  magnetic  attraction  and  repulsion  are 
perfectly  general,  and  similar  in  nature  to  the  corresponding 
laws  of  electrostatic  attraction  and  repulsion. 

Iron  and  steel  have  been  mentioned  above  as  being 
attracted  by  magnets,  and  they  are  the  only  substances  on 
which  magnetic  attraction  is  at  all  appreciable.  Many 
other  substances,  notably  nickel  and  cobalt,  are  fesbly 
attracted,  while  others,  such  as  copper  and  bismuth,  are 
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feebly  repelled.  In  fact,  Faraday  has  shown  that  all  sub- 
stances may  be  divided  into  two  classes — the  paramagnetic, 
or  magnetic,  which  are  attracted,  and  the  diamagnetic, 
which  are  very  feebly  repelled.  In  this  book  we  shall  only 
have  to  deal  with  the  strongly  magnetic  substances,  iron 
and  steel. 

From  what  has  been  said  it  will  be  seen  that  a  magnet 
possesses  the  following  properties : — 

(1)  Marked  attraction  for  the  magnetic  substances  iron  and 
steel.     This  is  the  most  important  case  of  the  general  law, 
that  all  substances  are  affected  by  magnetic  force — para- 
magnetic substances  being  attracted  and  diamagnetic  sub- 
stances repelled.     In  all  cases  except  iron  and  steel,  and,  in 
a  less  degree,  nickel  and  cobalt,  the  forces  of  attraction  and 
repulsion  are  very  feeble. 

(2)  Polarity.    That  is,  a  magnet  possesses  poles,  or  regions 
where  the  power  of  attraction  (or  repulsion)  is  a  maximum, 
and  which,  when  the  magnet  is  freely  suspended,  tend  to 
point  north  and  south.    Further,  these  poles  are  not  identi- 
cal in  properties — similar  poles,  that  is,  poles  which  point  in 
the  same  direction,  repel  one  another,  whereas  dissimilar 
poles  attract  one  another. 

This  magnetic  duality  constitutes  what  is  called  polarity. 
In  addition  to  possessing  these  properties,  a  magnet  is 
able  to  communicate  them  to  a  piece  of  hard  steel.  For 
example,  if  a  piece  of  watch-spring  be  rubbed  with  the  pole 
of  a  magnet,  it  will  be  found  to  possess  all  the  properties  of 
a  magnet,  and  will  even  be  able  to  communicate  them  to 
another  piece  of  steel. 

Hence,  if  we  wish  to  test  whether  a  given  piece  of  ore 
or  steel  is  a  magnet  or  not,  we  may  proceed  in  the  following 
way: — 

(1)  Dip  the  piece  in  iron  filings.     If  it  be  a  magnet  the 
filings  will  adhere  to  it,  and  the  points  where  they  are  most 
thickly  clustered  will  be  poles  of  the  magnet.     If  it  be  not 
a  magnet,  the  filings  will  not  adhere  to  it. 

(2)  If  the  piece  be  found  to  be  a  magnet,  suspend  it  by 
a  single  silk  fibre  so  that  its  magnetic  axis  is  horizontal. 
It  will  then  bet  magnetically  north  and  south,  and  the  encl 
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pointing  towards  the  north  will  be  the  north-pointing  pole. 
This  pole  is  sometimes  marked  with  a  file  mark  so  as  to  be 
readily  recognised. 

Instead  of  suspending  the  magnet  as  here  described,  it  is 
often  more  convenient  to  use  a  piece  of  magnetised  watch- 
spring  as  a  test  magnet.  This  magnet  is  readily  suspended 
by  a  silk  fibre,  and  by  simply  presenting  either  pole  of  the 
magnet  under  examination  to,  say,  the  north-pointing  pole 
of  the  test  magnet,  the  nature  of  the  former  can  be  at  once 
determined  ;  if  it  be  also  a  north-pointing  pole,  the  two 
poles  will  repel  one  another,  but  if  it  be  a  south-pointing 
pole,  then  mutual  attraction  will  result.  This  use  of  a  test 
magnet  or  needle  to  determine  the  poles  of  another  magnet 
is  very  common,  but  the  pole  of  the  magnet  under  test  must 
not  be  held  too  near  the  pole  of  the  needle,  for,  even  with 
similar  poles,  the  attraction  of  the  magnet  for  the  steel 
may  be  greater  than  the  repulsion  between  the  poles,  and 
attraction  instead  of  repulsion  will  result. 

Natural  magnets  are,  more  or  less,  curiosities.  They  are 
seldom  or  never  seen  in  experimental  work,  artificial  steel 
magnets  (Art.  38)  being  used  instead. 

In  explanation  of  the  fact  that  a  magnet,  when  freely 
suspended  or  pivoted,  points  north  and  south,  Dr.  Gilbert 
assumed  that  the  earth  itself  must  act  as  a  large  magnet, 
having  its  poles  near  its  geographical  north  and  south 
poles.  The  attraction  of  these  poles  for  the  dissimilar  poles 
of  the  suspended  magnet  causes  the  latter  to  set  in  a  north 
and  south  direction,  the  north-pointing  end  being  dissimilar 
to  the  magnetic  north  pole  of  the  earth  by  which  it  is 
attracted,  and  the  south-pointing  pole  dissimilar  to  the 
magnetic  south  pole  of  the  earth.  Subsequent  investigation 
has  confirmed  this  explanation  of  Dr.  Gilbert's,  and  terres- 
trial magnetism,  or  the  magnetism  of  the  earth,  is  now  an 
important  branch  of  the  science  of  magnetism.  The  north- 
pointing  pole  of  a  magnet  is  usually  for  shortness  called  the 
north  pole,  and  the  south-pointing  pole  the  south  pole :  thus 
the  so-called  north  and  south  poles  of  a  magnet  are  respec- 
tively dissimilar  to  the  magnetic  north  and  south  poles  of 
the  earth. 
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37.  Magnetic  Induction.  If  the  pole  of  a  magnet  be 
brought  near  a  short  piece  of  steel  wire,  the  latter  is  at 
once  attracted  by  the  magnet,  and  may  be  lifted  in  the 
way  shown  at  a  in  Fig.  47.  Let  another  short  piece  of 
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(C) 


Fig.  47. 


steel  be  now  brought  near  the  lower  end  of  the  piece 
clinging  to  the  magnet ;  this  second  piece  is  also  attracted, 
and,  if  the  mngnet  be  strong  enough,  it  will  remain  hanging 
to  the  first  piece  as  shown  at  b.  If  the  first  piece  be  now 
gently  detached  from  the  magnet,  it  will  be  found  that  the 
lower  piece  still  clings  to  it,  and,  if  the  two  pieces  of  steel 
be  tested,  each  will  be  found  to  be  a  magnet  with  poles  as 
shown  at  c.  It  will  be  noticed  that  these  poles  are 
arranged  relative  to  one  another  and  to  the  magnet  NS, 
so  that  dissimilar  poles  are  in  contact,  and  therefore  exert 
mutual  attraction. 

If  this  experiment  be  modified,  as  indicated  in  Fig,  48, 


Fig.  48. 

by  arranging  the  magnet  and  the  pieces  of  steel  on  a  table 
so  that  they  are  not  allowed  to  come  into  contact  with  one 
another,  it  will  be  found  that  the  result  is  exactly  the  same 
as  before,  only  that  the  magnetisation  produced  in  the  pieces 
of  steel  is  somewhat  more  feeble  than  in  the  first  case. 
Thus,  in  the  cases  illustrated  by  a  and  b  of  Fig.  48,  if  iron 
filings  be  sprinkled  over  the  pieces  of  steel,  they  will  adhere 
in  tufts  to  the  ends  of  the  pieces,  and  behave  in  precisely  the 
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same  way  as  when  sprinkled  over  a  small  magnet  obtained 
by  the  arrangement  of  Fig.  47.  On  removing  the  magnet 
NS,  each  piece  of  steel  will  be  found  to  possess  all  the 
properties  of  a  magnet. 

If  the  same  experiments  be  performed  with  pieces  of  soft 
iron  instead  of  steel,  a  very  important  difference  is  noticed 
in  the  results.  In  the  cases  illustrated  by  a  and  b  of 
Figs.  47,  48,  the  same  effects  are  produced :  the  pieces  of 
iron  become  magnetised,  but  immediately  the  magnet  NS 
is  removed,  they  lose  their  magnetic  properties  almost 
entirely. 

Thus  a  piece  of  steel,  when  placed  in  contact  with  or 
near  a  magnet,  becomes  permanently  magnetised,  but  a  piece 
of  iron  under  the  same  conditions  becomes  only  temporarily 
magnetised.  On  removing  the  magnet  the  iron  loses  its 
magnetism  almost  entirely  ;  the  slight  amount  remaining  is 
called  residual  magnetism,  and  varies  with  the  quality  of 
the  iron,  from  a  very  small  percentage  for  the  best  soft  iron 
to  quite  an  appreciable  quantity  for  harder  qualities. 

These  effects  are  due  to  what  is  called  magnetic  induction. 
A  magnet  acts  inductively  on  magnetic  bodies  (steel  or 
iron)  placed  near  it,  and  the  attraction  exercised  by  magnets 
on  magnetic  bodies  is  a  direct  result  of  this  inductive  action. 
Thus,  in  Figs.  47,  48  (a),  the  south-pointing  pole,  S,  of  the 
magnet  NS,  acts  inductively  on  the  piece  of  steel  or  iron,  and 
induces  a  dissimilar  pole,  TO,  in  the  nearer  end  of  the  piece, 
and  a  similar  pole,  s,  at  the  farther  end.  As  a  result  of  the 
attraction  between  S  and  n,  the  steel  or  iron  is  attracted 
to  the  magnet,  and  the  force  of  attraction  may  be  sufficient 
to  overcome  the  weight  of  the  piece  of  metal.  In  steel  the 
effect  of  induction  is  permanent  and  the  induced  poles 
persist,  but  in  iron  the  effect  is  more  or  less  transient, 
and  the  induced  poles  persist  only  while  the  metal  is 
actually  subjected  to  induction. 

Thus  we  see  that,  when  a  magnet  attracts  a  magnetic 
substance,  induction  precedes  attraction,  which  is  really  the 
attraction  between  two  dissimilar  poles — the  pole  which  is 
presented  to  the  substance,  and  the  unlike  pole  which  it 
induces  at  the  nearest  point  of  that  substance.  This  fact 
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may  be  emphasised  by  the  following  experiment.  Take 
two  mngnets  similar  in  size  and  strength,  and  place  them 
with  their  dissimilar  polos  together  as  shown  in  Fig.  49. 
If  either  end  of  the  combined 

magnets    be   presented    to    a  ESJ 

piece  of   iron   or   steel,   little  '  / 

or  no  attraction  is  exhibited. 

The  inductive  effect  of  one  pole,  N,  is  neutralised  by  the 
opposite  inductive  effect  of  the  pole  S,  and  the  piece  of 
magnetic  substance,  I,  experiences  no  attraction.  This 
result  may  also  be  explained  by  saying  that  the  pole  N  of 
one  magnet  is  neutralised  by  the  equal  and  opposite  pole 
&  of  the  other,  and  thus  the  combined  magnets  have  no 
external  inductive  effect  at  all. 

Magnetic  induction,  like  electrostatic  induction,  is  due 
to  the  action  of  the  medium,  but  the  property  of  the 
medium  on  which  it  depends  is  evidently  different  in  the 
two  cases.  Thus  in  electrostatics  we  have  to  do  with  that 
property  of  the  medium  which  determines  the  action  of 
two  electrically  charged  bodies  on  one  another,  but  in 
magnetism  we  have  to  do  with  that  property  which  deter- 
mines the  action  of  two  magnetic  poles  on  one  another. 

It  is  possible  to  obtain  some  idea  of  the  mechanism  of 
magnetisation  by  induction  by  considering  the  following 
experiment. 

Let  a  thin  glass  tube  a  few  inches  in  length  be  loosely 
filled  with  steel  filings  and  closed  at  both  ends.  If  the 
tube  be  now  laid  on  a  table,  and  the  pole  of  a  magnet 
drawn  over  it  from  end  to  end,  it  will  be  noticed  that  the 
superficial  layer  of  filings  immediately  under  the  pole  ex- 
periences magnetic  induction,  and  under  its  influence  the 
filings  arrange  themselves  regularly  with  their  longer  axes 
parallel  to  the  length  of  the  tube.  Thus,  before  being 
subjected  to  the  action  of  the  magnet,  the  filings  are 
arranged  irregularly  with  their  axes  in  any  direction,  as 
shown  diagrammatically  in  Fig.  50  (a). 

Under  the  influence  of  the  magnet,  however,  each  in- 
dividual filing  becomes  magnetised,  and  as  a  result  of  the 
mutual  attraction  and  repulsion  between  their  poles  and 
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the  pole  of  the  magnet,  they  arrange  themselves  as- shown 
in  Fig.  50  (b). 

The  depth  of  the  layer  of  filings  affected  will  vary  with 
the  strength  of  the  magnet,  but  even  with  a  very  strong 

magnet  the  disturbed 
laJer  is  comparatively 
shallow. 

If  the  magnet  be  drawn 
along    the    tube    several 
times,  always  in  the  same 
direction,   and   so   as    to 
Fi°-  50-  bring  every  portion  of  the 

surface    of   the    enclosed 

filings  under  the  influence  of  the  pole,  it  will  be  found  on 
testing  that  the  tube  of  filings  possesses  all  the  properties 
of  a  feeble  magnet.  If,  however,  the  tube  be  shaken  so  as 
to  disarrange  the  particles,  it  loses  its  magnetic  properties 
even  although  the  individual  steel  filings  retain  their 
magnetism. 

If  the  molecules  in  a  bar  of  steel  be  supposed  to  act  in 
the  same  way  as  the  individual  filings  in  the  tube,  we  have 
a  partial  explanation  of  the  fact,  stated  above,  that  a  piece 
of  steel  may  be  magnetised  by  the  inductive  action  of  a 
magnet,  and  we  also  see  why  a  bar  of  steel  may  be  magnetised 
by  rubbing  it  with  a  magnet.  From  this  it  appears  that 
magnetisation  is  accompanied  by  molecular  arrangement, 
and  that  the  magnetic  properties  of  the  body  magnetised  are 
due  to  this  arrangement ;  but  what  constitutes  the  magnet- 
isation of  individual  molecules  is  a  question  on  which  we 
cannot  here  enter.  From  what  has  been  said  it  is  clear  that 
the  differrnce  between  steel  and  iron  as  magnetic  bodies 
lies  in  the  fact  that  in  steel  the  molecular  arrangement 
accompanying  magnetisation  may  be  permanent,  but  in 
iron  it  persists  only  while  constrained  by  the  inducing 
magnet,  and  when  the  latter  is  removed  most  of  the  mole- 
cules take  up  their  normal  position. 

Another  point  of  difference  between  iron  and  steel  is  that, 
while  soft  iron  is  easily  magnetised  by  magnetic  induction, 
steel,  and  especially  hard  steel,  is  influenced  with  difficulty 
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For  example,  if  a  light  magnet  be  suspended  by  a  fibre,  and 
a  piccu  of  hard  steel  be  held  near  one  pole,  the  attraction 
resulting  from  the  inductive  action  is  not  very  strong ;  but 
if  a  piece  of  soft  iron  be  substituted  for  the  steel,  the 
attraction  is  much  mere  marked.  This  effect  is  very 
conveniently  shown  by  arranging  a  piece  of  soft  iron  and  a 
piece  of  hard  steel  on  each  A 

side   of   the   pole  of   the  /\ 

magnet  as  shown  in  Fig.     .  \  /        ____^ 

51.     If  the  iron  and  steel     - • — « '.        » 

be  placed  at  equal  dis- 
tances from  the  pole,  the  attraction  for  the  former  will 
be  the  greater,  and  the  magnet  will  be  deflected  towards  it. 
r»v  removing  the  iron  to  a  greater  distance  from  the  pole, 
the  two  attractions  may  be  balanced  against  one  another, 
and  the  needle  will  remain  in  its  original  position.  This 
shows  that  the  inductive  attraction  for  the  steel  is  less  than 
for  the  iron,  that  -is,  soft  iron  is  more  susceptible  to  magnetic 
induction  than  hard  steel.  This  difference  is,  however, 
practically  the  same  as  the  one  already  mentioned,  and  both 
are  included  in  the  statement  that  in  soft  iron  the  molecular 
arrangement  constituting  magnetisation  is  easily  set  upv 
and  as  easily  lost  when  the  constraining  force  is  removed; 

38.  Artificial  Magnets.      In  the   preceding  articles   we 
have  noticed  that  when  steel  is  subjected  to  the  inductive 
action  of  a  magnet  it  becomes  permanently  magnetised. 
Advantage  may  be  taken  of  this  fact  to  convert  a  bar 
of  hard  steel  into  a  magnet.     Thus, 
if  a  strip  of  steel  be  rubbed  from  end 
to  end,  always  in  the  same  direction, 
with  the  pole  of  a  magnet,  it  acquires, 
magnetic     properties    identical    with 
those  of  the  magnet.      For  example, 
if  AB  (Fig.  52)  represent  the   steel 
strip,  and  if  it  be  rubbed  always  in  the 

direction  AB  with  the  north  pole  of  a  magnet,  it  will  also 
become  a  magnet  having  a  north  pole  at  the  end  A  and  a 
south  ^  pole  at  the  end  B.  This  method  of  magnetisation, 
where  the  piece  of  steel  to  be  magnetised  is  rubbed  from 
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end  to  end  with  one  pole  of  a  magnet,  is  called  magnetisation 
by  single  touch.  The  magnetising  magnet  must  be  drawn 
over  the  steel  always  in  the  same  direction,  the  rubbing  end 
following  the  path  indicated  by  the  dotted  line  and  arrows 
of  Fig.  52.  If  the  piece  of  steel  be  thick,  both  sides  should 
be  rubbed,  first  one  side,  then  the  other.  A  similar  but 
more  effectual  method  of  magnetisation  is  by  the  method 
of  divided  touch  indicated  in  Fig.  53.  The  steel  bar  to  be 


Fig.  53. 


magnetised  is  laid  with  its  extremities  on  the  dissimilar 
poles  of  two  mngnets  arranged  as  shown  in  the  figure.  It 
is  then  rubbed  by  the  dissimilar  poles  of  two  other  magnets, 
from  the  middle  outwards,  the  rubbing  ends  of  the  magnets 
following  the  paths  indicated  by  the  dotted  lines  and  arrows. 
A  modification  of  this  method  is  known  as  magnetisation  by 
double  touch.  A  piece  of  wood  or  cork  is  placed  between  the 
rubbing  ends  of  the  magnets,  and  these  ends  are  then  moved 
together  from  the  middle  to  either  end,  back  to  the  other 
end,  and  so  on  backwards  and  forwards,  finishing  at  the 
middle. 

It  will  be  noticed  from  the  figures  that  in  all  the  methods 
each  pole  of  the  magnet  produced  is  unlike  that  of  the 
magnetising  magnet  with  which  it  was  last  touched.  This 
result  is  evidently  due  to  the  effect  of  magnetic  induction 
on  the  molecules  of  the  steel ;  for  example,  in  Fig.  52,  as 
the  magnet  is  drawn  over  the  bar,  a  result  similar  to  that 
illustrated  by  Fig.  50  in  the  case  of  a  tube  full  of  iron 
filings  is  produced;  the  molecules  arrange  themselves  in 
regular  order  with  their  magnetic  axes  parallel  to  the  length 
of  the  bar,  and  with  their  south  pclcs  pointing  towards  the 
north  pole  of  the  magnetising  magnet  which  has  just  passed 
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over  them.  The  final  result  of  this  is,  that  most  of  the 
molecules  in  the  surface  layer  of  the  steel  strip  are  arranged 
with  their  south  poles  pointing  towards  B,  and  their  north 
poles  pointing  towards  A.  This  may  be  represented 
din  grammatically  by  Fig.  54. 

It  will  be  noticed  that  the  molecular  magnets  are 
arranged  with  dissimilar  poles  in  contact,  and,  if  these 
poles  are  equ.il,  there  will  be  mutual  neutralisation,  except 
at  the  ends  A  and  B,  where  the  free  north  poles  of  the  end 
molecules  constitute  a  north  pole,  N,  at  A,  and  the  free 
south  poles  at  B  constitute  the  south  pole  S.  If  the  mole- 
cular magnets  are  exactly  equal,  so  that  there  is  exact 
neutralisation  at  all  points  in  the  length  of  AB,  then  the 
magnet  will  exhibit  A  B 

magnetic       properties 
only  at  the  ends;   for 


example,  if  dipped  into  Fig.  54. 

iron  filings  these  will 
adhere  only  at  the  ends.  This,  however,  is  never  the  case 
with  an  actual  magnet — the  filings  adhere  most  thickly  at, 
or  near,  the  ends,  but  they  also  adhere  to  the  sides  at  all 
points  except  near  the  middle  of  the  magnet,  the  arrangement 
of  the  filings  indicating  that  the  attraction  diminishes  from 
the  poles  to  the  equator.  This  may  be  explained  by  saying 
that  the  molecular  magnets  are  about  equal  at  the  middle 
of  the  magnet,  but  that  they  diminish  in  strength  as  we 
approach  the  ends.  Thus  in  AB  the  effect  of  this  would 
be  that,  in  the  right-hand  half,  the  south  poles  of  the 
molecular  magnets  would  be  stronger  than  the  adjacent 
north  poles.  Similarly,  in  the  left-hand  half,  the  north 
poles  would  be  stronger  than  the  adjacent  south  poles. 
Hence,  if  the  magnet  be  tested  by  a  test  needle,  the  right- 
hand  half  will  exhibit  south  polarity  through  the  greater 
part  of  its  length,  the  maximum  effect  being  at  the  end  B, 
and  the  left-hand  half  will  similarly  exhibit  north  polarity. 
It  is  thus  evident  that  the  amount  of  free  or  unneutralised 
magnetism  at  any  section  of  the  magnet  varies  with  the 
position  of  the  section  considered,  being  greater  the  nearer 
the  section  is  to  either  end  of  the  magnet.  In  Fig.  55  let 
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NS  represent  a  magnet,  and  at  a  number  of  points  taken 
at  equal  distances  along  its  length  let  perpendiculars  be 

erected,  each  proportional  to 
the  amount  of  free  magnetism 
at  the  section  corresponding 
to  its  position  on  the  magnet. 
If  the  perpendiculars  are 
drawn  to  the  left  of  the 
magnet  for  north  magnetism, 
and  to  the  right  of  it  for  south 
magnetism,  then  the  curve 
nos  drawn  through  their  ex- 
tremities may  be  said  to  indi- 
cate the  distribution  of  free 
magnetism  on  the  magnet. 
Further  the  areas  Non  and 
Sos  indicate  the  amounts  of  free  magnetism  distributed 
on  the  corresponding  halves  of  the  magnet. 
•  The  poles  of  a  magnet  are  sometimes  defined  as  the  points 
at  which  the  free  north  and  south  magnetism  of  the  magnet 
may  be  supposed  to  be  concentrated,  so  as  to  produce  the 
same  external  magnetic  field,  but  such  points  cannot,  -in 
general,  be  found.  In  Fig.  55,  if  G  and  0'  denote  the 
centroids  of  the  figures  Non  and  Sos,  then  the  poles  of  the 
magnet  may  for  some  purpose  be  assumed  to  be  at  P  and  P' 
the  feet  of  the  perpendiculars  from  C  to  the  axis  of  magnet. 
In  the  case  of  thin  bar  magnets,  these  points  are  very  near 
the  ends  of  the  magnet,  so  that  for  general  purposes  the 
poles  of  a  long  bar  magnet  are  assumed  to  be  at  the  ends 
of  the  magnet,  though  in  reality  they  are  so  placed  that 
the  actual  length  of  the  magnet  is  slightly  greater  than  the 
distance  between  its  poles. 

The  molecular  theory  of  magnetisation  described  above 

is  further  supported  by  4 B 

the  fact  that  if  a  steel          Nl  •        • 

magnet    be    broken   in    A  c       ^ j* 

two,    each     piece    is    a    ^CZ  — ^     J —  =^ 

complete  magnet.     For  Fig<  56. 

example,  if  the  magnet 

AB  (Fig.  56)  be  broken  into  the  two  pieces  AC,  C'B,  then 
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each  piece  is  a  magnet  with  polos  as  indicated.  This  is 
evidently  just  what  we  should  expect.  At  the  end  C  of  the 
piece  AC  all  the  s'mth  poles  of  the  end  molecules  are  freed 
from  the  neutralisation  of  the  north  poles  of  the  end 
molecules  at  C'  of  the  piece  BC'.  Hence  C  becomes  a  free 
south  pole,  and  C'  a  free  north  pole.  Similarly,  if  a 
magnet  be  broken  into  any  number  of  pieces,  each  piece  is 
found  to  be  a  complete  magnet. 

When  a  magnet  is  irregularly  magnetised,  it  may  exhibit 
what  are  known  as  consequent  poles,  that  is  to  say,  poles 
lying  between  the  terminal  ones  of  the  magnet.  Fig.  57 
shows  a  magnet  with  consequent  poles  at  n  and  s.  The 
magnet  practically  consists  of  three  smaller  magnets  joined 
end  to  end,  so  that  similar  poles  are  united  at  n  and  s. 


Magnets  with  consequent  poles  may  be  produced  either  by 
accidental  irregularity  in  magnetisation,  or  purposely.  For 
example,  by  touching  a  bar  of  steel  at  several  points  with 
the  same  pole  of  a  strong  magnet,  consequent  poles  of 
polarity  opposite  to  that  of  the  magnet  pole  are  produced 
at  the  points  touched. 

To  show  that  the  magnetisation  may  only  affect  the  surface 
layer  of  molecules,  let  a  piece  of  steel  be  magnetised  by 
lightly  stroking  with  another  magnet,  and  then  placed  for 
a  short  time  in  strong  nitric  acid.  The  acid  eats  away  the 
outer  layers  of  molecules,  and  the  steel  will  be  found  to 
have  to  some  extent  lost  its  magnetic  properties. 

Artificial  magnets  are  made  in  various  forms,  the  bar 
magnet  and  hoi>c-shoe  magnet  being  the  commonest.  Bar 
magnets  are  usually  in  pairs  ;  Fig.  58  shows  a  pair  arranged 
in  a  box  with  their  dissimilar  poles  adjacent  and  united  by 

Mag.  9 
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loose  pieces  of  soft  iron  called  keepers.  These  keepers  serve 
to  maintain  the  magnetic  state  of  the  magnets ;  their 
function  will  be  more  fully  explained  in  Art.  40. 


Fig.  68. 

The  horse-shoe  magnet  has  the  form  shown  in  Fig.  59. 
It  is  practically  a  bar  magnet,  bent  so  as  to  bring  the  two 
poles  near  to  one  another ;  thus  constructed,  it  is  more  con- 
venient for  attracting  pieces  of  iron,  for  the  attraction  of 
both  poles  can  be  utilised  simultaneously. 
When  not  in  use,   a   keeper  of   soft   iron 
is  placed  across  its  poles. 

Since  the  surface  layers  of  the  steel  are 
generally  the  more  highly  magnetised,  there 
is  evidently  very  little  advantage  in  using 
steel  bars  of  great  thickness ;  and,  with  a 
given  mass  of  steel,  more  powerful  magnets 
can  be  made  by  making  several  thin  bar 
magnets  of  the  required  length,  and  uniting 
them  as  a  compound  magnet,  than  in  mag- 
netising the  steel  as  one  thick  bar  of  the 
Fig.  60  shows  the  simple  forms  of  a  compound 
bar  magnet,  and  a  compound  horse-shoe  magnet ;  all  the 
north  poles  of  the  component  magnets  are  at  N,  and  con- 
stitute the  north  pole  of  the  compound  magnet.  Similarly, 
all  the  south  poles  of  the  component  magnets  at  S  con- 
stitute the  south  pole  of  the  compound  magnet. 

A  useful  piece  of  apparatus,  called  the  magnetic  needle, 
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same  length. 
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Fig.  60. 


consists  of  a  strip  of  carefully  magnetised  hard  steel  pi-voted 

at  its  centre  on  a  hard  steel  point.     The  strip  is  usually  of 

the  shape  shown  in  Fig.  61,          ^^^  ^ 

and  at  its  centre  is  inserted  ,-r-rT1    .'  '      J  *tj 

a  conical  cap  of  agate  or 

glass,  which  serves  to  pivot 

it  on  the  steel  point,  and 

allows   it    to    turn    freely 

with   little  or  no  friction. 

When    properly    balanced 

and  pivoted,  the  needle  sets 

itself  north  and  south,  that 

is,  it  sets  in  what  is  called 

the      magnetic       meridian 

of   the   place    where   it   is 

suspended  (Art.  44).     The 

compasses  sold  by  opticians 

are   simple   forms   of   this 

instrument,      the      needle 

being  balanced  over  a   card   indicating   the   points  of  the 

compass.     The  mariner's  compass  is  a  more  elaborate  in- 
strument, in  which  the  com- 
Ccard   is    attached   to 
needle,    so    that    the 
north    point   on  the   card 
always  indicates  the  mag- 
netic north. 

The  properties  of  a  mag- 
net or  of  a  magnetic  body 
are  greatly  influenced  by 
heat.  Thus,  if  a  strip  of 
steel  be  magnetised  and 
slowly  raised  to  a  red 
heat,  it  gradually  loses  its 
magnetic  properties,  and 
at  a  bright  red  heat  it 
entirely  loses  them,  and 

does  not  recover  them   on  cooling.     Similarly,   if   a   piece 

of  iron  be  heated  to  a  bright  red  heat,  it  is  not  attracted 
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by  a  magnet.  These  facts  support  the  molecular  theory 
of  magnetisation,  and  are  evidently  due  to  the  molecular 
changes  produced  by  the  influence  of  heat. 

39.  Laws  of  Magnetic  Attraction  and  Repulsion,    The 
general  law  that  like  poles  repel,  and  unlike  poles  attract, 
has  already  been  given,  and  we  have  now  to  consider  the 
quantitative  expression  of  this  law.     This  is  exactly  similar 
to   the  electrostatic   law  given   in  Art.    6.      Thus,  if   two 
magnetic  north  poles  of  strengths  m  and  m'  are  separated  / 
in   air   by   a   distance,  d,   the   force   of   repulsion   exerted' 
between  them  is  given  by — 

AM    /Ml' 

/  = 


This  involves  the  definition  of  unit  pole,  which  may  be 
given  thus  :  A  magnetic  pole  is  of  unit  strength  when  it 
repels  another  similar  pole  nlaced  at  unit  distance  from  it 
in  air  with  unit  force.  If  distance  be  measured  in  centi- 
metres and  force  in  dynes,  then  the  strength  of  the  pole  is 
given  in  C.  G.  S.  magnetic  units.  A  north  pole  is  usually 
considered  positive,  and  a  south  pole  negative  ;  hence,  when 
in  m'  I  d2  is  positive,  the  force  is  one  of  repulsion,  and  when 
negative  it  is  one  of  attraction. 

This  law  is  more  generally  expressed  by  writing  — 


where  /x,  is  a  constant  of  a  definite  value  for  any  given 
medium,  but  differing  for  different  media.  This  constant 
may  be  called  the  magnetic  inductivity  of  the  medium.  The 
magnitude  of  this  constant  for  any  medium  depends  upon 
the  facility  with  which  magnetic  force  acts  through  that 
medium,  just  as  the  value  of  the  constant  K  referred  to  in 
Art.  6  depends  upon  the  facility  with  which  electric  force 
r.cts  through  the  medium.  If  //,  is  taken  as  unity  for  air 
1  he  value  of  y*in  any  other  medium  is  given  by/  =  m  ra'/M  d2 
where  M  corresponds  to  K  of  Art.  6,  and  is  evidently  the 
ratio  of  the  magnetic  inductivity  of  the  air  to  that  of  the 
•^iven  medium.  This  constant  is  known  as  the  magnetic 
permeability  of  the  medium. 
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40.  The  Magnetic  Field.  The  term  magnetic  field  in 
magnetism  is  analogous  to  electric  field  in  electrostatics 
The  magnetic  field  due  to  any  magnet  is  the  whole  space 
in  which  magnetic  force  due  to  the  magnet  is  appreciable. 
Similarly,  the  magnetic  field  due  to  any  system  of  magnets 
is  the  whole  space  in  which  magnetic  force  due  to  tht 
system  is  appreciable. 

The  magnetic  force  at  any  point  in.  a  magnetic  field,  OY 
the  intensity  of  the  field  at  any  point, 
is  determined  in  magnitude  and  direc- 
tion by  the  resultant  force  which  a 
unit  north  pole  would  experience  if 
placed  at  that  point.  Thus,  in  Fig.  62, 
if  NS  represent  a  magnet  with  poles  of 
strength  m  and  —  m,  the  intensity  of  the 


field  at  a  point  P  may  be  determined  Fig  ^ 

thus.     The  force  at  P  due  to  the  pole  N 

is  given  by  ^  and  acts  in  the  direction  NP ;  let  it  be 
represented  by  PR.  Similarly,  the  force  at  P  due  to  the 
pole  S  is  given  by  —  and  acts  in  the  direction  PS ; 

let  it  be  represented  by  PQ.  Then,  by  the  parallelogram  of 
forces,  the  resultant  force  at  P  due  to  the  magnet  NS  is 
represented  by  PT.  The  magnitude  and  direction  of  this 
resultant  force  determines  the  intensity  of  the  magnetic 
field  due  to  the  magnet  NS  at  the  point  P. 

By  conventions  similar  to'  those  explained  in  Art.  7 
a  magnetic  field  may  be  mapped  out  by  lines  of  magnetic 
force,  a  line  of  magnetic  force  being,  in  general,  a  curve 
such  that  the  direction  of  the  tangent  at  any  point  gives 
the  direction  of  the  resultant  magnetic  force  at  that  point. 
The  magnitude  of  the  force  at  any  point  may  also  be 
measured  by  the  number  of  lines  of  force  per  unit  area 
round  the  given  point  in  a  plane  at  right  angles  to  the 
direction  of  the  line  of  force  passing  through  that  point. 

In  Fig.  62,  PT  is  the  direction  in  which  a  unit  north  pole 
would  be  urged ;  hence  a  unit  south  pole  would  be  urged 
with  an  equal  force  in  the  opposite  direction.  Similarly,  a 
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north  pole  of  strength  m  would  be  urged  in  the  direction 
PT  with  a  force  of  magnitude  equal  to  m  times  that  repre- 
sented by  PT,  and  a  south  pole  of  strength  —  m  would  be 
urged  with  equal  force  in  an  opposite  direction. 

Hence,  if  a  very  shoit  magnet  be  placed  at  P,  its  north 
pole  will  be  urged  along  PT,  and  its  south  pole  will  experi- 
ence a  nearly  equal  force  in  the  opposite  direction.  That  is, 
the  force  of  translation,  tending  to  move  the  magnet  from 
the  position  P,  will  be  very  small,  but  the  magnet  will  set 
itself  in  the  line  PT,  that  is,  parallel  to  the  direction  of  the 
resultant  magnetic  force  at  the  point  where  it  is  placed. 

Hence,  if  a  small  magnet  be  placed  at  different  points  in 


Fig.  63. 


the  neighbourhood  of  a  large  magnet,  it  will  set  itself  along 
the  resultant  direction  of  the  magnetic  force  at  each  point, 
that  is,  its  length  will  be  a  tangent  to  the  line  of  force 
passing  through  the  point  where  it  is  placed.  This  experi- 
ment may  readily  be  performed  by  magnetising  a  very 
short  strip  of  steel  watch-spring,  and  suspending  it  at 
different  points  in  the  neighbourhood  of  a  large  magnet. 
Fig.  63  shows  roughly  the  positions  for  different  points  in 
the  plane  of  the  paper.  This  experiment  may,  however,  be 
modified  so  as  to  give  much  more  satisfactory  i  esults.  Let 
a  sheet  of  thin  glass  or  thin  pasteboard  be  placed  over  a 
magnet,  and  let  iron  filings  be  dusted  over  it  It  will  be 
noticed  that  as  the  filings  fall  on  the  card,  they  at  once 
come-  under  the  inductive  action  of  the  magnet,  and  each, 
ing  a  magnet,  sets  itself  parallel  to  the  direction  of. 
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the  resultant  force  at  the  point  where  it  is  placed.  On 
gently  tapping  the  card,  the  filings  thus  arrange  themselves 
in  continuous  curves,  and  roughly  map  out  the  lines  of  force 
in  the  plane  of  the  card. 

1'ig.  64  shows  the  general  arrangement  of  the  filings  over 


Fig.  64. 


an  ordinary  bar  magnet,  and  the  student  may  readily  verify 
the  fact  that  the  direction  of  the  magnetic  force  at  any 
point  is  tangential  to  the  curve  passing  through  that  point. 
Since  the  intensity  of  the  magnetic  field  is  defined  with 


Fig.  65, 


reference  to  a  unit  north  pole,  the  lines  of  force  are  supposed' 
to  run  from  N  to  S,  that  is,  in  the  direction  in  \yhich  a  unit 
north  pole  would  travel. 

Fig.  60  shows  the  general  direction  of  the  lines  of  force 
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between  two  dissimilar  poles  of  two  bar  magnets,  and  Fig. 

66,  for  a  horse-shoe  magnet,  illustrates  the  same  thing. 

The  distribution  of  the  lines 
of  force  between  two  similar 
poles  is  shown  by  Fig.  67, 
and  the  student  will  find  it 
instructive  to  draw  the  force 
diagram  (cp.  Fig.  6 "2)  for  dif- 
ferent points  in  this  field,  so 
as  to  Aerify  the  general  direc- 
tions of  the  lines. 

It  must  be  remembered  that 
the  above  figures  only  show 
the  lines  of  force  in  the  plane 
of  the  card,  that  is,  they  repre- 
sent longitudinal  sections  of  the 
field.  All  longitudinal  sections 
are,  however,  exactly  similar, 
so  that  the  figures  completely 
represent  the  field  if  we  re- 
member that  the  lines  of  force 
surround  the  magnet  on  all 
sides,  and  that  (he  above  figures 

represent  their  disposition  in   any  longitudinal  section.     It 

must   further  be  remembered   that  lines  of  force  have  no 


Fig.  ce. 


Fig.  67. 


real  existence — they  are  merely  graphical  representations 
of  the  direction  of  the  magnetic  force   at  any  point  in 
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field  of  force,  and  the  experiments  with  the  filings  are 
merely  magnetic  devices  for  indicating  to  the  eye  the 
general  direction  of  these  lines,  just  as  a  chain  hanging 
vertically  indicates  the  direction  of  the  force  of  gravitation. 
Magnetic  induction  may  be  said  to  act  indifferently  through 
all  substances  except  magnetic  substances ;  that  is,  for  most 
substance^,  the  value  of  /x  (Art.  39)  is  much  the  same,  but 
for  magnetic  substances  it 
has  a  higher  value.  Thus,  /x-:::-::r::"-«Vx\ 

if  a  piece  of  soft   iron  be   . j  '  -  '""       T^ii 

placed  between  two  unlike  >  |;  V  j_        '      "|  ^ 

magnetic  poles,  nearly  all 

the     lines     of    force    pass  '^ZZZZZZZzSs 

through  the  iron.     This  is  Fig>  69. 

readily  shown  by  the  help 

of  iron  filings.  If  a  short  piece  of  ^oft  iron,  of  about  the  same 
breadth  and  thickness  as  the  magnets,  is  placed  between 
the  unlike  poles  of  two  bar  magnets  as  shown  in  Fig.  68, 
the  distribution  of  the  lines  of  force,  obtained  in  the  usual 
way  by  means  of  filings,  shows  that  the  magnetic  induction 
takes  place  chiefly  through  the  piece  of  iion,  the  lines  of 

force  being  as  it  were  gathered 
up  by  it,  so  that  the  magnetic 
field  is  to  some  extent  limited 
by  the  dimensions  of  the  iron.* 
If  a  piece  of  wood,  brass,  glass, 
etc.,  be  placed  between  the 
poles,  the  normal  distribution 
Fig  69  of  Fig.  65  is  not  sensibly  dis- 

turbed. If  a  soft  iron  ring 
be  placed  between  the  poles,  then  the  distribution  shown 
in  Fig.  69  is  obtained,  and  it  will  be  noticed  that  the  space 
within  the  ring  is,  as  it  were,  screened  from  the  magnetic 

*  The  filings  in  the  space  over  the  piece  of  iron  will  not  arrange 
themselves  in  lines  of  force,  in  fact,  on  tapping  the  card  the  space 
will  probably  be  free  from  filings.  This  is  because  nearly  all  the 
lines  of  force  are  in  the  iron,  and  therefore  there  is  no  field  where 
the  filings  lie.  These  results  are  more  con  ectly  explained  by  saying 
that  the  magnetic  field  which  obtains  is  the  resultant  field  due  to 
the  twp  inducing  poles  and  the  two  induced  poles  of  the  piece  of  iron, 
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Fig.  70. 


induction  of  the  poles.  Most  of  the  lines  of  force  pass 
through  the  iron  of  the  ring,  and  in  the  space  within  there  is 
no  magnetic  field,  so  that  if  a  small  magnet  were  placed  there 
it  would  set  itself  indifferently  in  any  position.  Hence,  if 
a  magnet  is  suspended  inside  an  iron  tube  or  an  iron  en- 
closure of  any  kind,  it  is  effectively  screened  from  the  in- 
fluence of  any  magnetic  field  in  which  it  is  placed. 

This  property  of  soft  iron  explains  why  keepers  of  soft 
iron  are  placed  on  magnets  to  assist  in  maintaining  their 
magnetic  condition.  The  end  molecules  of  the  magnets 
have  their  interior  extremities  fixed  by  the  attraction  of 
adjacent  molecules,  but  their  free  extremities  experience  no 

fixed  attraction,  and  for  this 
reason  their  equilibrium  is  not 
very  stable  and  is  easily  dis- 
turbed. Hence,  if  a  magnet 
be  handled  roughly  or  knocked 
about  in  any  way,  it  gradually 
loses  its  magnetic  properties. 
When,  however,  a  keeper  is 
placed  on  a  pair  of  magnets 
as  in  Fig.  58,  or  across  the 
poles  of  a  horse-shoe  magnet, 
the  inductive  action  of  each 
of  the  poles  is  concentrated 
on  the  other,  and  the  force  of  attraction  between  the  poles 
is  greatly  increased.  The  free  ends  of  the  molecules 
are  fixed  by  this  mutual  attraction,  and  the  molecular 
arrangement  of  the  magnet  is  not  now  so  easily  disturbed. 
For  the  same  reason,  a  sheet  of  iron  placed  between  a 
magnet  and  a  magnetic  needle  shields  the  latter  from  the 
inductive  action  of  the  magnet — the  lines  of  force  take 
the  course  indicated  diagrammatically  in  Fig.  70,  and  do 
not  pass  across  the  iron. 

Steel  acts  in  much  the  same  way  as  iron,  but  not  so 
effectively ;  the  lines  of  force  pass  much  more  readily  through 
soft  iron  than  through  steel,  and  the  softer  the  iron  the 
greater  is  its  permeability. 

effect  produced  on  the  external  field  of  a  horse-shoe 
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magnet  by  placing  a  keeper  acros-;  its  poles  is  readily  seen 
by  testing  the  distribution  of  the  lines  of  force  when  the 
keeper  is  first  off  and  then  on.  Fig.  66  shows  the  first  case, 
and  Fig.  71,  giving  the  second  case,  shows  that  when  the 
keeper  is  on  there  is,  as  we  should  ex- 
pect, little  external  magnetic  field.  The 
same  thing  may  be  illustrated  by  holding 
the  poles  of  a  horse -shoe  magnet  near  a 
suspended  test  needle.  The  needle  is  at 
first  deflected  from  its  normal  position, 
but  on  putting  the  keeper  across  the 
poles  it  at  once  returns  to  that  position. 

From  a  consideration  of  Figs.  64-67  it 
will  be  seen  that  in  general  the  intensity 
of  a  magnetic  field  varies,  both  in  mag- 
nitude and  direction,  at  different  points 
in  the  field;  that  is,  the  directions  of 
the  lines  of  force  and  the  number 
crossing  unit  area  are  different  at 
different  points.  If,  however,  we  con- 
sider a  portion  of  the  field  whose  di- 
mensions are  small  compared  with  its 
distance  from  the  poles  of  the  magnetic 
system  to  wlr'ch  the  field  is  due,  the  intensity  of  the  field 
may  be  considered  to  be  uniform  throughout  this  small 
area.  For  example,  in  the  magnetic  field  due  to  the 
magnet  NS  (Fig.  64),  the  field  in  the  space  abed  may 
be  considered  uniform  in  direction  and  magnitude,  that 
is,  the  lines  of  force  are  practially  parallel  equidistant 
straight  lines.  For  this  reason  the  magnetic  field  due  to 
the  earth  at  any  point  on  the  earth's  surface  is  said  to  be 
uniform ;  the  intensity  of  the  earth's  magnetic  field  is  of 
course  different  at  different  places,  but  at  any  one  place 
it  is  practically  uniform,  and  may  be  represented  by 
parallel  straight  lines  equidistant  from  one  another. 

41.  Action  of  a  Magnet  in  a  Uniform  Magnetic  Field. 
We  have  already  learnt  in  Art.  36  that,  when  a  magnet  is 
placed  in  a  magnetic  field,  it  tends  to  set  itself  parallel 
to  the  direction  of  the  lines  of  force  at  the  point  where 


Fig.  71. 
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it  is  placed.  Hence,  when  a  magnet  is  freely  suspended 
in  a  uniform  magnetic  field,  it  at  once  sets  itself  with  its 
magnetic  axis  parallel  to  the  lines  of  force.  Thus,  let 
NS  (Fig.  72)  represent  a  magnet  freely  suspended  in  a 
uniform  magnetic  field,  and  let  the  strength  of  its  poles 
be  denoted  by  m.  Then  if  I  denote  the  intensity  of  the 
field,  the  north  pole  N  will  experience  a  force  ml  in  the 
direction  indicated  in  the  figure,  and  the  south  pole  S 
will  experience  an  equal  force  in  the  opposite  direction. 
Hence  for  any  position  in  which  the 
magnet  is  not  parallel  to  the  lines  of 
force,  it  experiences  a  couple  urging 
it  into  that  position.  The  moment  of 
this  couple  is  equal  to  ml  x  ST,  and 
its  magnitude  evidently  depends  upon 
the  position  of  the  magnet — it  has 
a  minimum  value  equal  to  zero  when 
the  magnet  is  parallel  to  the  lines  of 
force,  and  a  maximum  value  equal 
to  ml  x  SN  when  the  magnet  is 
at  right  angles  to  the  lines  of  force, 
rig.  72.*  For  any  intermediate  position,  where 

the  axis   of   the   magnet   makes   an 

angle    a    with    the   direction   of    the   lines   of    force,    the 
moment   experienced  by  the  magnet  is   ml    x    ST.      But 

S  T 

~  =  sin  a,  or  ST  =    SN  sin  a,  and  if  SN,   the  length 

of  the  magnet,  be  denoted  by  I,  we  have  ST  =  I  sin  a.  The 
moment  of  the  couple  tending  to  place  (he  magnet  parallel 
to  the  lines  of  force  is  thus  given  by  ml  I  sin  a.  In  this  ex- 
pression m  and  I  are  two  constants  of  the  magnet,  and  their 
product  ml  is  known  as  the  magnetic  moment  of  the  magnet. 
This  important  constant  is  usually  denoted  by  M,  and 
may  be  defined  briefly  as  the  product  of  the  strength 
of  either  pole  of  the  magnet  into  the  distance  between  the 
poles,  or  more  satisfactorily  as  the  11  aximum  moment 
which  the  magnet  can  experience  in  a  field  of  unit  intensity 

*  The  direction  of  the  lines  of  force  indicated  by  the  arrow-heads 
js  the  direction  in  which  a  north  pule  would  Le  urged.     Art.  40. 
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This  latter  definition  is  applicable  whatever  be  the  form 
of  the  magnet  or  the  distribution  of  its  magnetism. 

It  is  evident  from  what  has  been  said,  that,  if  a  freely 
suspended  magnet  be  deflected  from  its  position  of  equi- 
librium in  a  magnetic  field,  it  at  once  experiences  a  couple 
urging  it  back  into  this  position,  and  as  a  result  it  oscillates 
backwards  and  forwards,  just  as  a  pendulum  oscillates 
when  disturbed  from  its  position  of  rest.  This  oscillation 
of  the  magnet  is  isochronous,  that  i*,  the  time  of  each 
oscillation  is  the  same,  and  it  can  be  shown  that,  for  a 
given  magnet,  the  time  of  a  single  oscillation  depends 
upon  the  magnetic  moment  of  the  magnet,  and  the  intensity 
of  the  field  in  which  it  oscillates.  The  greater  the  moment 
and  the  stronger  the  field,  the  shorter  the  time  of  oscilla- 
tion, and  the  mathematical  investigation  shows  that,  for 
a  magnet  of  given  size,  form,  and  mass,*  the  time  varies 
inversely  as  the  square  root  of  the  magnetic  moment  and 
of  the  intensity  of  the  field  ;  that  is,  if  t  denote  the  time 
of  one  oscillation,  M  the  magnetic  moment,  and  I  the 
intensity  of  the  field  —  ^ 


or  combining  the  two  relations  — 

tx 


. 

where  Jc  is  a  constant.     Now,  if  an  oscillating  magnet  makes 
n  vibrations  per  second,  then  the  time  of  one  oscillation  (t) 

is  given  by  t  =  -  second,  that  is,  n  =  -.     But  we  have 
n  t 

Tt 
just  found  t  =      ,  —  - 


that  is,  the  square  of   the  number   of  oscillations,   which 

*  The  time  of  vibration  also  varies  directly  as  the  square  root  of 
the  moment  of  inertia  of  the  needle,  and  the  value  of  this  constant 
depends  upon  the  size,  form,  mass,  and  suspension  of  the  needle. 
If  K  denote  the  moment  of  inertia  of  the  needle  its  time  of 
oscillation  (forwards  and  backwards)  .isjriven  by  — 
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the  magnet  performs  in  a  given  time  in  any  magnetic  field, 
is  directly  proportional  to  the  strength  of  the  field,  and  to 
the  magnetic  moment  of  the  magnet.  Hence,  if  the  same 
magnet  be  caused  to  oscillate  in  two  different  magnetic 
fields,  it  is  evident  that  the  intensities  of  the  fields  will  be 
directly  pr(  portional  to  the  square  of  the  number  of 
oscillations  performed  by  the  magnet  in  each  field,  in  a 
given  time.  For  example,  if  in  one  field  the  magnet  make 
10  oscillations  per  minute,  and  in  the  other  12  oscillations 
per  minute,  then  the  intensity  of  the  first  field  is  to  that 
of  the  second  as  102  :  122,  that  is,  as  100  :  144  or  as  1  :  1*44. 
42.  Action  of  one  Magnet  on  Another.  In  Fig.  73  let 
NS  and  ns  represent  two  magnets 
in  the  same  horizontal  plane.  NS 
is  supposed  to  be  fixed,  and  ns  to 
be  pivoted  at  0  so  as  to  move 
freely  in  a  horizontal  plane.  Let 
m  and  /x,  denote  the  respective 
strengths  of  the  poles  of  the  mag- 
nets, then,  considering  the  action 
of  the  poles  of  NS  on  the  pole  s 

_______   °^  ns>  we   nave   that   the  pole  N 

A/,^  5   attracts  it  with  a  force  represented 

by  sa  and  equal  to   ,.,-.  >2,  and  the 

pole  S  repels  it  with  a  force  represented  by  sb  and  equal 
to  75— TO-  "^ke  resultant  action  of  the  magnet  NS  on  the 

(OS) 

pole  s  is  therefore  represented  by  sc;  and  by  an  exactly 
similar  construction,  the  resultant  action  on  the  pole  n 
may  be  represented  by  nf.  Under  the  action  of  these 
forces,  the  magnet  ns  will  take  up  a  position  of  equilibrium 
in  which  the  moments  of  the  forces  represented  by  sc  and 
nf  round  0  are  equal,  that  is,  sc  X  Op  =  nf  X  Oq. 

If  the  magnet  ns  is  not  pivoted  at  0,  but  perfectly  free  to 
move  in  the  plane  of  the  paper,  then  it  is  evident  that  the 
action  of  the  forces  sc  and  nf  must  be  to  draw  it  up  to 
NS,  that  is,  the  magnet  experiences  a  force  causing  motion 
of  translation,  and  not  a  mere  directive  force  setting  it  in  a 
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particular  position.  When  pivoted  at  0,  the  resistance  of 
the  pivot  prevents  the  translatory  motion,  but  allows  the 
magnet  to  set  in  the  position  of  equilibrium  indicated  above. 
When  a  magnet  with  poles  of  equal  strength  is  placed  in  a 
uniform  field,  it  can  experience  no  force  causing  motion  of 
translation,  but  only  a  directive  couple  setting  it  parallel  to 
the  lines  of  force,  for,  the  field  being  uniform,  the  forces 
acting  on  the  poles  are  equal  and  opposite  and  parallel  to 
each  other.  Thus,  if  a  magnetised  sewing  needle  be  care- 
fully placed  on  the  surface  of  water,  it  readily  sets  itself 
on  the  magnetic  meridian,  but  does  not  move  over  the 
surface  of  the  water. 

In  the  case  considered  above,  the  magnets  are  supposed 


Fig.  74. 

to  be  uninfluenced  by  any  external  magnetic  field,  but  in 
practice  we  have  always  to  deal  with  the  field  of  the  earth, 
and  it  may  here  be  useful  to  consider  one  or  two  particular 
cases  of  practical  importance.  Let  NS  (Fig.  74)  represent 
a  magnet,  and  ns  a  small  magnetic  needle  freely  suspended 
in  a  uniform  field  of  intensity  I.  Let  the  distance  between 
the  centres  of  the  magnets  be  denoted  by  d,  and  the  length 
of  the  magnet  NS  by  21.  Then,  assuming  the  needle  ns  to 
be  so  small  that  both  its  poles  may  be  considered  to  be  at 
the  distance  d  from  the  centre  of  NS,  the  resultant  force  y, 
due  to  the  action  of  the  poles  N  and  S  on  n,  is  given  by  — 
.  _  m  fi  m  n  4  w  /*  d  I  * 


*  The  force  clue  to  N  on  n  is 


and  that  due  to  S  is 


the  needle  nx  is  small,  these  forces  practically  act  in  the  same  straight 
line,  and,  since  they  are  opposed  to  one  another,  their  resultant  is 
equal  to  their  difference  and  acts  in  the  direction  of  the  greater, 
that  is,  the  resultant  force  is  one  of  repulsion. 
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where  m  and  p,  are  the  strengths  of  the  poles  of  magnets 
NS  and  ns  respectively.  Now  if  I  is  small  compared  with 
d,  the  denominator  (d2 — I2)2  is  practically  equal  to  (d2)2t  and 
therefore — 

, 4  m  /j.  d  I       4  m  /j,  I 

/=    ~~d*~~        ~~^~' 

Similarly,  a  force  equal  and  opposite  toy*  acts  on  the  pole  s, 
and  the  needle  ns  is  thus  subject  to  the  couple  ff  tending 
to  set  it  parallel  to  the  length  of  NS,  and  the  moment  of 
this  couple  is/  x  nr.  But  on  being  deflected  from  its  position 
of  rest  parallel  to  the  lines  of  force  of  the  field  in  which  it 
is  placed,  the  needle  at  once  experiences  a  couple  of  moment 
/A  I  X  sr  (Art.  41)  tending  to  restore  it  to  its  initial  position. 
Hence  the  needle  is  now  under  the  influence  of  two  opposed 
couples,  and  will  be  in  equilibrium  in  the  position  for  which 
the  moments  of  these  couples  are  equal  and  opposite.  Hence 
for  equilibrium  we  have — 

/  x  nr  =  fj.1  x  sr, 
that  is, 

4w  p.  I 


x  wr  =  /LC!  x  sr. 


—  , 
nr' 


2  .  2  in  I  =  d*  I  — . 
%r 


But  2w?(=m.2£)is  the  magnetic  moment  of  NS  and 

-  =  tan  a,  where  a  denotes  the  angle  through  which  the 
nr 

needle  ns  is  deflected  from  its  position  of  rest.     Hence,  if 
M  denote  the  magnetic  moment  of  NS,  we  have — 

2  M  =  d*  I  tan  a, 
or 

M       d\ 

T  =   g  tan  a. 

In  an  exactly  similar  way  it  can  be  shown  that  if  NS 
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and  ns  occupy,  relative  to  one  another,  the  positions  in- 
dicated in  Fig.  75,  then — 

-j-  =  d*  tan  a. 
The  proof  of  this  is  left  as  an  exercise  for  the  student. 


In  this  case  the  magnet  NS  is  said  to  be  placed  "  broadside 
on  "  to  the  needle  ns,  and  not  "  end  on,"  as  in  Fig.  74. 

If  I,  the  length  of  the  deflecting  magnet,  be  not  neglected, 
then  the  formula  for  the  "  end-on  "  position  is  readily  found 
to  be — 

M      (d*  -  Z2)2  A 

T=  -2^-tana» 

and  for  the  "  broadside  on  "  position — 
¥=-(#+  F)f  tan  a. 

In  practice  I  is  generally  too  large  to  be  neglected. 
Mag.  10 
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/  43.  Intensity  of  Magnetisation  and  Magnetic  Induction. 
If  the  magnetic  state  of  a  magnet  is  such  that  the  quan- 
tities of  free  magnetism  appearing  on  the  opposite  surface  s 
of  a  cross  section  taken  at  right  angles  to  the  axis  at  any 
point  on  the  magnet  are  exactly  equal  but  of  opposite  sign, 
and  uniformly  distributed  over  the  surface  of  the  section, 
then  the  magnet  is  said  to  be  uniformly  magnetised.  If 
such  a  magnet  be  divided  up  into  a  number  of  pieces  by 
planes  parallel  to  and  at  right  angles  to  the  axis,  then  it 
is  evident  that  the  pole  strength  of  each  piece  will  be  pro- 
portional to  its  sectional  area,  and  the  magnetic  moment  of 
each  piece  will  be  proportional  to  its  volume,  the  magnetic 
moment  of  any  piece  being  the  same  fraction  of  the  magnetic 
moment  of  the  original  magnet  as  the  volume  of  the  piece 
is  of  the  initial  volume  of  the  magnet.  This  proportionality 
between  the  magnetic  moment  and  volume  is  evidently  true 
whatever  be  the  shape  of  the  piece  considered,  and  may  be 
taken  as  an  indication  of  the  magnetic  state  of  the  substance 
of  the  magnet.  In  accordance  with  this  view  of  the  matter 
the  magnetic  moment  per  unit  volume  has  been  called  the 
Intensity  of  Magnetisation  of  the  substance  of  the  magnet. 

If  we  consider  a  uniformly  magnetised  magnet  of  polo 
strength  m,  length  I,  and  uniform  cross  section  a,  then  the 
intensity  of  magnetisation,  I,  is  given  by — 

ml m  > 

~  la,       a  ' 

that  is,  the  intensity  of  magnetisation  may  be  defined  as 
the  pole  strength  per  unit  area  of  cross  section,  but  the 
definition  given  above  is  the  more  general. 

From  what  has  been  said  in  Art.  36,  it  will  be  under- 
stood that  uniform  magnetisation,  as  defined  above,  is  not 
found  in  the  case  of  actual  magnets^  In  the  case  of  a 
uniformly  magnetised  magnet,  the  free  magnetism  would 
appear  at  the  ends  only,  and  the  intensity  of  magnetisation 
would  be  the  same  throughout  its  substance.  Actual  magnets, 
on  the  other  hand,  exhibit  a  distribution  of  free  magnetism 
along  their  length,  and  the  intensity  of  magnetisation 
varies  from  point  to  point  in  their  volume,  The  intensity 
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of  magnetisation  at  any  point  in  a  magnet  may  be  defined 
as  the  magnetic  moment  per  unit  volume  at  the  given  point. 

Consider  a  long  thin  rod  of  iron  or  other  magnetic 
substance  placed  in  a  uniform  magnetic  field  in  air,  with 
its  length  parallel  to  the  lines  of  force  in  the  field.  The 
rod  will  become  magnetised  by  induction  (Art.  40),  and 
its  ends  will  exhibit  polarity.  The  number  of  lines  of  force 
crossing  unit  area  of  the  surface  separating  the  ends  of  the 
rod  from  the  external  medium  will  therefore  now  be  greater 
than  the  number  crossing  unit  area  at  the  same  point  in 
the  medium  before  the  introduction  of  the  rod ;  for,  in 
addition  to  the  lines  due  to  the  existence  of  the  magnetic 
field,  we  have  the  extra  lines  due  to  the  induced  pole  on 
the  end  of  the  rod. 

The  number  of  lines  of  force  emanating  from  a  pole  of 
strength  m  in  air  can  readily  be  determined  from  the  follow- 
ing considerations.  Imagine  a  north  pole  of  strength  m 
isolated  at  a  point  in  air.  The  north  pole  of  a  long  infinitely 
thin  magnet  may  be  considered  as  such  a  pole.  The 
magnetic  intensity  of  the  field  due  to  this  pole  at  any  point 

at  a  distance  r  from  the  pole  is  — ;  that  is,  the  number 

of  lines  of  force  crossing  unit  area  of  a  spherical  surface 
of  radius  r  having  its  centre  at  the  pole  is  m  /  r2.  The 
area  of  this  spherical  surface  is  4  TT  r2 ;  hence  the  total 
number  of  lines  of  force  crossing  it,  that  is,  the  total 
number  of  lines  emanating  from  the  pole,  is  4  TT  r2  x  m  /  r2 
=  4  Trm. 

Hence,  in  the  case  considered  above,  if  H  denote  the 
intensity  of  the  field  in  which  the  rod  of  magnetic  material 
is  placed,  then  the  total  number  of  lines  of  force  crossing 
unit  area  of  the  surface  separating  the  ends  of  the  rod 

from  the  medium  is  given  by  H  +  4  TT  — ,  where  m  denotes 

a 

the  strength  of  the  induced  pole  and  cc  the  area  of  cross 

section  of  the  rod.     But  we  have  seen  above  that  —  =  I ; 

a 

therefore  H  +  4  TT  •  —  may  be  expressed  as  H   +   4  TT  I, 
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where  I  denotes  the  intensity  of  magnetisation  at  the  end 
of  the  rod.  The  increase  in  intensity  denoted  by  4  TT  I  is 
due  to  free  magnetism  induced  on  the  end  of  the  rod. 

This  increase  in  field  intensity  due  to  the  presence  of 
magnetic  material  in  a  magnetic  field  is  more  instructively 
considered  in  the  following  way.  Imagine  the  rod  referred 
to  above  cut  across  at  any  point  by  a  section  at  right 
angles  to  its  length  in  such  a  way  as  to  leave  a  very 
narrow  gap  between  the  two  cut  faces.  These  two  cut 
faces  will  exhibit  equal  and  opposite  polarity ;  and  if  the 
rod  is  uniformly  magnetised,  the  quantity  of  free  magnetism 
on  these  faces  will  be  equal  to  the  corresponding  quantities 
on  the  end  faces  of  the  rod.  Hence  it  follows  that  the 
number  of  lines  of  force  crossing  the  gap  is  given  by 
H  +  4  TT  I ;  for  the  field  in  the  gap  is  made  up  of  the  initial 
field,  H,  and  the  field  due  to  free  magnetism  on  the  cut 
faces  bounding  it.  These  lines  of  force  crossing  the  gap 
are  supposed  to  be  continued  as  lines  of  magnetic  induction 
or  magnetisation  in  the  material  of  the  rod — that  is,  the 
flow  of  magnetic  induction  along  the  rod  is  measured  by 
the  flow  of  force  across  the  gap.  Further,  considering  free 
magnetism  as  a  surface  effect,  wherever  lines  of  magnetic 
induction  leave  the  rod  to  pass  into  the  medium,  free 
magnetism  appears  at  the  surface  of  separation.  In  the 
case  of  a  uniformly  magnetised  rod,  the  lines  of  the  mag- 
netic induction  would  pass  from  one  e^d  to  the  other,  and 
leave  it  only  at  the  ends,  so  that  free  magnetism  would 
appear  only  on  the  end  surfaces ;  in  the  case  of  a  magnet 
not  uniformly  magnetised,  the  lines  of  induction  may  be 
supposed  to  leave  it  laterally  as  well  as  at  the  ends,  so 
that  free  magnetism  appears  not  only  at  the  ends,  but  also 
as  a  surface  distribution  along  the  length  of  the  bar. 

The  magnetic  force  in  the  magnetic  material  itself  is 
defined  as  the  force  in  a  small  cavity  in  the  material,  the 
cavity  being  so  cut  that  there  is  no  free  magnetism  on  its 
surface.  For  example,  in  the  case  of  the  rod  considered 
above,  if  a  very  narrow  hole  is  bored  in  it  with  its  length 
parallel  to  the  lines  of  magnetisation  in  the  material,  there 
vvill  be  no  free  magnetism  on  the  lateral  sm-facd  of  the 
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hole;  and  if  the  section  of  the  hole  is  infinitely  small,  the 
amount  of  free  magnetism  on  the  ends  will  also  be  infinitely 
small,  so  that  there  will  be  no  free  magnetism  on  the 
surface  of  this  infinitely  narrow  tunnel,  and  the  magnetic 
force  in  the  space  gives  what  is  called  the  force  in  the 
material  of  the  bar.  In  the  case  of  a  very  long  thin  rod 
tliis  force  in  the  material  of  the  rod  is  evidently  merely  the 
strength  of  the  initial  field  in  which  the  rod  is  placed;  but 
when  the  rod  is  thick  compared  with  its  length,  another 
point  has  to  be  considered.  It  has  been  shown  above  that 
4  TT  m  lines  of  force  diverge  from  a  pole  of  strength  m  in 
air.  If  the  rod  at  the  end  of  which  the  pole  of  strength  m 
is  supposed  to  exist  were  infinitely  thin,  then  all  these 
lines  of  force  would  pass  through  the  air,  and  curving 
round  to  the  other  pole  of  opposite  sign  at  the  other  end 
of  the  rod  unite  together,  and  might  then  be  supposed  to 
run  through  the  rod  as  lines  of  induction  back  to  their 
starting-point.  When,  however,  the  rod  is  of  finite  thick- 
ness, only  a  portion  of  these  4  TT  in  lines  pass  round  through 
the  external  medium  in  this  way:  the  remainder  pass 
through  the  rod  itself  to  the  opposite  pole,  not  as  lines  of 
magnetisation  or  induction,  but  as  lines  of  force ;  and  the 
number  of  lines  thus  diverted  from  the  external  path 
increases  with  the  thickness  of  the  rod. 

Hence  it  follows  that  the  magnetic  force  at  any  point 
in  the  material  of  the  rod  is  less  than  the  intensity  of  the 
initial  field  by  the  force  at  that  point  due  to  the  distribution 
of  free  magnetism  on  the  external  surface  of  rod.  This  force 
due  to  the  external  distribution  of  free  magnetism  on  the 
rod  is  sometimes  called  the  demagnetising  force,  for  it 
reduces  the  magnetic  field  to  which  the  induced  magnetisa- 
tion of  the  rod  is  due — that  is,  the  poles  at  the  ends  of  the 
rod  tend  to  magnetise  the  rod  in  the  opposite  sense,  and 
thus  produce  partial  demagnetisation.  This  demagnetising 
force  is  greater  the  greater  the  ratio  between  the  thickness 
and  the  length  of  the  rod,  and  experiment  shows  that  it 
is  only  when  the  length  is  about  three  hundred  times  the 
thickness  that  the  demagnetising  effect  is  negligible. 

From  what  has  been  said  above  it  will  be  evident  that 
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magnetic  induction  may  be  considered  in  the  following  way. 
When  a  magnetic  substance  is  placed  in  a  magnetic  field 
existing  in  a  given  medium,  a  distribution  of  free  magnetism 
is  determined  over  the  separating  surface,  and  the  field 
both  external  and  internal  to  that  surface  is  the  resultant 
field  due  to  the  initial  field,  and  that  due  to  the  distribution 
of  free  magnetism  on  the  surface  of  separation.  Further, 
if  we  consider  all  substances  as  susceptible  of  magnetisation, 
we  may  state  the  result  more  generally.  If  any  portion  of 
a  medium  in  which  a  magnetic  tield  is  established  is  replaced 
by  another  medium,  a  distribution  of  free  magnetism  is 
determined  on  the  surface  of  separation  of  the  media,  and 
the  magnetic  field  at  any  point  is  the  resultant  of  the 
initial  field,  and  that  due  to  the  surface  distribution  of  free 
magnetism.  Also,  when  lines  of  magnetisation  pass  from  one 
medium  to  another,  positive  (north-seeking)  magnetisation 
appears  on  the  surface  of  separation,  if  the  lines  pass  from 
a  more  magnetic  to  a  less  magnetic  medium — for  example, 
from  iron  to  air ;  and  negative  (south-seeking)  magnetisation 
when  they  pass  from  the  less  magnetic  to  the  more  magnetic, 
as  from  air  to  iron.  It  follows  from  this  that  if  a  substance 
less  magnetic  than  air  be  placed  in  air  in  a  magnetic  field, 
it  will  be  magnetised  by  induction  with  the  polarity 
opposite  to  that  which  a  piece  of  iron  would  exhibit.  This 
is  the  phenomenon  of  diamagnetism,  and  is  evidently  only 
an  ordinary  case  of  magnetic  induction. 

In  the  quantitative  study  of  magnetic  induction  three 
quantities  are  of  first  importance.  These  are  Intensity  of 
Magnetic  Field,  H  ;  Intensity  of  Magnetisation,  I ;  and  Mag- 
netic Induction,  B.  Each  of  these  three  quantities  are 
directed  quantities  — that  is.  they  are  quantities  possessing 
both  magnitude  and  direction.  The  directions  oi:  I  and  B 
are  not  necessarily  the  same  as  that  of  H.  But  in  what 
follows  we  shall  consider  only  the  case  where  all  three 
quantities  have  the  same  direction  :  the  results  obtained  will 
apply  to  the  more  general  case  if  the  signs  of  addition  and 
equality  be  taken  in  vectorial  sense  as  referring  to  com- 
position and  resultant  effect. 

The   first   two   of   these   quantities   have   already   been 
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induction  per  unit  area  across  any  section  taken  at  right 
angles  to  the  direction  of  flow  :  as  explained  above,  this 
flow  of  induction  at  any  section  of  the  substance  may  be 
measured  by  the  total  flow  of  force  across  a  very  narrow 
sectional  gap  taken  at  the  point  considered  at  right  angles 
to  the  direction  of  magnetisation. 

The  relation  between  the  three  quantities,  H,  I,  B,  may 
evidently  be  •  considered  in  two  ways.  When  a  portion  of 
any  substance  is  subjected  to  magnetic  induction,  quanti- 
tative results  may  be  obtained  by  determining  the  intensity 
of  magnetisation,  I,  produced  by  a  given  value  of  H,  or 
by  determining  the  value  of  B  under  definite  conditions 
corresponding  to  given  values  of  H.  In  both  cases  it  is 
very  important  to  note  that  T^rlftr»r>f,psr  not  t,Vm  initial  fiald 
in_which  the  substance  is  placed,  but  the  intensity  of  the 
resultant  field  in  the  interior  of  the  substance  itself  —  that 
is,  the  demagnetising  force  due  to  surface  distribution  has 
to  be  considered. 

The  simplest  case  of  magnetic  induction  is  that  of  a  very 
long  thin  rod  or  wire  pla.ced  in  a  uniform  magnetic  field 
with  its  ,  1ppH-.fr  parallel  to  the  lines  of  force.  And  this  is 
the  case  of  greatest  practical  importance.  In  this  case,  if 
the  length  of  the  wire  is  more  than  three  hundred  times  its 
diameter,  there  is  practically  no  demagnetising  force  ;  and 
therefore  H,  the  strength  of  the  magnetic  field  acting 
inductively  on  the  wire,  may  be  taken  as  that  of  the  uniform 
field  in  which  it  is  placed.  The  intensity  of  magnetisation, 
I,  is  given  by  the  strength  of  pole  per  unit  area  of  cross 
section,  or  by  the  magnetic  moment  per  unit  volume,  and  is 
there  fore  known  if  the  magnetic  moment  and  the  dimen- 
sions of  the  wire  are  known.  The  ™QpmA+,iV  i'rulnf»hi'rm(  "ft,  is 
given  by  the  total  flow  of  force  per  unit  area  across  a 
narrow  gap  taken  at  right  angles  to  the  length  of  the 
wire  —  that  is,  as  explained  above,  it  is  given  by  H  +  4  TT  I. 

In  considering  the  relation  between  the  intensity  of 
magnetisation,  I,  and  the  field,  H,  to  which  it  is  due,  it  is 
convenient  to  deal  with  the  ratio  I/H.  This  ratio  evidently 
gives  a  measure  of  the  readiness  with  which  the  substance 


152  MAGNETISM. 

under  induction  assumes  the  magnetic  state — that  is,  it 
gives  a  measure  of  the  susceptibility  of  the  substance  to 
magnetisation,  and  is  commonly  called  the  magnetic  sus- 
ceptibility of  the  substance ;  it  is  usually  denoted  by  K,  and 
we  therefore  have — 


In  the  same  way  the  ratio  of  the  magnetic  induction,  B,  to  H, 
the  intensity  of  the  inducing  field,  is  known  as  the  magnetic 
permeability  of  the  substance.  This  ratio  may  be  denoted 
by  M,  and  is  the  same  quantity  as  that  introduced  in  Art. 
39.  It  evidently  gives  the  ratio  of  the  flow  of  force  across 
the  narrow  air  gap  cut  in  the  bar  referred  to  at  the 
beginning  of  this  article  to  the  flow  of  force  across  the  same 
area  before  the  bar  was  introduced.  As  the  lines  crossing 
the  air  gap  are  supposed  to  be  continued  through  the  sub- 
stance of  the  bar  as  lines  of  induction,  the  ratio  of  B  to 
H  may  be  taken  as  a  measure  of  the  relative  permeability 
of  the  substance  of  the  bar  to  lines  of  force  as  compared 
with  air. 

Hence  we  have— 

-  —  M 

But— 

B  =  H  +  4  TT  I. 
Therefore — 


and  substituting  K  for  =,  we  get  — 


J/  =  I  +  4  TT  «-, 

where  M  denotes  the  magnetic  permeability  of  the  sub- 
stance subjected  to  induction  relative  to  air  as  a  standard 
medium,  and  K  denotes  the  magnetic  susceptibility  of  the 
substance. 

Experiment  shows  that  these  quantities,  M  and  K,  for 
a  given   substance  vary  with  the   magnetic  state  of  the 


FUNDAMENTAL  PHENOMENA.  153 

substance.  Thns  K  decreases  as  I  and  H  increase,  for  I 
tends  to  a  maximum  as  H  increases ;  similarly  K  decrcas  > 
as  H  increases,  for  J/=I+r4:7r/c.  Further,  from  the 
nature  of  the  ratio  which  it  denotes,  M  is  evidently  greater 
than  unity  for  substances  more  magnetic  than  air  (para 
magnetic  substances),  and  less  than  unity  for  substances 
less  magnetic  than  air  (diamagnetic  substances).  Hence  it 
follows  that  K  is  positive  for  paramagnetic  substances  and 
negative  for  diamagnetic  substances  ;  also,  since  M  is  taken 
as  unity  for  air,  K  for  air  must  be  taken  as  zero. 


CHAPTER  VIII. 
TERRESTRIAL    MAGNETISM. 

£4.  The  Magnetic  Field  of  the  Earth,  When  a  magnetic 
needle  is  freely  suspended  at  any  point  on  the  earth's 
surface,  we  have  already  learnt  that  it  invariably  sets  in  a 
particular  position,  with  its  magnetic  axis  pointing  approxi- 
mately north  and  south.  This  shows  that  at  all  points  on 
the  earth's  surface  a  magnetic  field  exists,  in  which  the 
lines  of  force  are  approximately  parallel  to  the  geographical 
meridian  of  the  place.  This  magnetic  field  is  supposed  to 
be  due  to  the  earth's  magnetism,  but  whether  the  earth  is 
itself  a  permanent  magnet,  or  whether  its  magnetism  is  due 
to  some  unknown  cause,  is,  at  present,  an  open  question. 
The  simplest  explanation  is  to  consider  the  earth  as  a 
permanent  magnet,  with  its  poles  not  far  distant  from  the 
north  and  south  poles  of  the  earth.  Assuming  the  dis- 
tribution of  magnetism  to  be  somewhat  irregular,  the 
magnetic  field  that  should  result  agrees  pretty  closely  with 
observations  of  the  actual  field  of  the  earth. 

In  order  to  quantitatively  determine  the  magnetic  field 
of  the  earth  at  any  point,  the  direction  and 
magnitude  of  the  magnetic  force  at  that 
point  must  be  determined.  The  direction  of 
the  force  may  be  found  by  determining  (1) 
the  vertical  plane  in  which  it  acts,  and  (2) 
its  direction  in  that  plane.  The  intensity 
of  the  field  may  be  determined  either  by 
measuring  this  magnetic  force  directly,  or 

by  measuring  a  component  making  a  known 

angle  with   it.     For  example,  if  the  mag- 
netic foEce  at  any  point  is  found  to  act  in 
a  plane  represented  by  the  plane  of  the  paper  in  a  direction 
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AI  (Fig.  7G),  then  the  intensity  of  the  field  may  be  determined 
by  measuring  AI  directly,  or  either  of  the  components  AH 
or  AV,  For,  supposing  AH  to  be  measured  and  the  angle 
IIAI  known,  then — 

A  PI  TT  .  T    ,      .     .  AH 

-r-7  =  cos  II A  I,  that  is,  A I  =  -r-r-T. 

A I  cos  H  A I 

We  shall  now  proceed  to  consider  the  practical  determi- 
nation of  the  earth's  magnetic  field. 

The  quantities  which  completely  determine  the  magnetic 
field  of  the  earth  are  sometimes  called  the  magnetic  elements. 
The  direction  of  the  magnetic  force  is  determined  by  the 
Declination  and  the  Inclination  or  Dip.  The  Declination 
at  any  p]ace  is  the  angle  between  the  magnetic  and  geo- 
graphical meridians  of  the  place,  the  magnetic  meridian  at 
any  place  being  the  great  circle  whose  plane  contains  the 
direction  of  the  terrestrial  magnetic  force  at  that  place. 
When  the  direction  of  the  geographical  meridian  is  known, 
a  knowledge  of  the  angle  of  decimation  enables  us  at  once 
to  find  the  magnetic  meridian  of  a  place,  or  the  vertical 
plane  in  which  the  magnetic  axis  of  a  freely  suspended 
ma<met  would  set  itself. 

Ihe  Inclination,  or  Dip,  at  any  place,  is  the  angle  which 
the  direction  of  the  magnetic  force  makes  in  the  magnetic 
meridian  with  the  horizontal  at  that  place.  Thus  in  Fig. 
76,  if  the  plane  of  the  paper  represent  the  magnetic  meri- 
dian and  A I  the  direction  of  the  magnetic  force  at  A,  then 
the  angle  HAI  represents  the  inclination  or  dip  at  A. 

The  intensity  of  the  earth's  field  at  any  place  is  measured 
by  determining  the  horizontal  component  of  the  total 
magnetic  force  at  that  place. 

45.  Declination.  To  determine  the  declination  it  is 
necessary  to  determine  the  geographical  and  magnetic 
meridians,  and  to  measure  the  angle  between  them.  In 
this  article  we  shall  consider  only  a  very  simple  method 
of  effecting  these  measurements.  Suppose,  for  example,  we 
wish  to  mark  on  a  large  table  in  the  laboratory  a  line 
showing  the  positions  of  the  two  meridians,  and  including 
the  angle  of  declination  between  them.  Let  a  straight 
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Fig.  77. 


piece  of  wire  about  a  foot  long  be  fastened  vertically  into 
the  table,  so  that  the  sun  casts  its  shadow 
on  the  table.  The  direction  of  this  shadow 
when  it  is  shortest,  which  will  be  about  noon, 
will  approximately  give  the  geographical 
meridian  of  the  place.  Let  this  direction 
be  marked  by  a  line  NS  (Fig.  77),  drawn 
on  the  table. 

To  determine  the  magnetic  meridian,  let 
a  light  bar  magnet  be  suspended  over  the 
,  ^  .  table  by  a  single  silk  fibre.  To  each  end  of 
K  $'*  this  magnet  let  a  short  piece  of  fine  brass 
wire  be  attached  by  shellac  or  sealing-wax, 
in  such  a  position  that,  when  the  magnet 
is  properly  suspended,  the  pieces  of  wire  are,  as  accurately 
as  possible,  vertical  (Fig.  78).  Suppose  the  magnet  to  be 
suspended  over  the  table,  let  a  needle  or  piece  of  wire  be 
stuck  into  the  table  at  any  point,  a,  through  which  the 
line,  ww,  joining  the  pieces  of  wire  at  the  ends  of  the 
magnets,  passes.  This  point  is  readily  determined  by  one 
observer  sighting  along  the  lower  points  of  the  wire  and 
directing  another  observer  where  to 
place  the  needle.  In  the  same  way 
another  needle  can  be  placed  at  b,  so 
that  a  o  b  represents  the  direction  of 
the  line  joining  the  wires  fixed  at  the 
ends  of  the  magnet.  If  ww  coincided 
with  the  magnetic  axis  of  the  magnet, 
then  the  line  ab  would  represent  the 
trace  of  the  magnetic  meridian  on  the 
table,  and  the  angle  Noa  would  be  the  required  angle  of 
declination.  In  all  probability,  however,  ww  is  not  the 
magnetic  axis  of  the  needle ;  but  whatever  the  position  of 
this  axis,  we  can  eliminate  the  error  due  to  its  non-coincidence 
with  ww  by  turning  the  needle  upside  down,  so  that  the 
top  face  becomes  the  bottom  face,  and  then  determining  the 
line  a'ob'  in  exactly  the  same  way  as  a  o  b  was  foxnd. 
The  true  direction  of  the  trace  of  the  magnetic  meridian 
will  now  lie  midway  between  the  lines  aob  and  a'ob't  and 
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may  be  drawn  by  bisecting  the  angle  between  them.  The 
line  N'S'  represents  this  direction,  and  the  angle  NON' 
measures  the  declination.  To  prove  that  N'S',  bisecting 
the  angle  between  ab  and  a'b',  gives  the  true  direction  in 
which  the  magnetic  axis  of  the  magnet  points,  w  „ 

consider  Fig.  79.     Taking  an  extreme  case,  let 
ns  represent  the  position  of  the  magnetic  axis 
of  the  magnet.     Then  if  the  full  outline  repre- 
sent the  position  of  the  magnet  in  the  first  case, 
on  inverting  the  magnet  it  will  take  up  the 
position  indicated  by  the  dotted  outline,  for  in  t 
this  position  the  magnetic  axis  has  the  same 
direction   as   before.*      From    the  figure  it  is      Fig.  79. 
evident  that  the  magnetic  axis  ns,  and,  there- 
fore, the  magnetic  meridian,  lies  midway  between  the  two 
positions  of  ww. 

The  magnitude  of  the  angle  of  declination  will  necessarily 
vary  for  different  positions  on  the  earth's  surface.  Suppose, 
in  Fig.  80,  that  we  are  looking  down  on  the  northern  hemi- 
sphere of  the  earth.  Let  G  repre- 
sent the  geographical  north  pole, 
and  M  the  magnetic  north  pole; 
then  if  the  distribution  of  the 
earth's  magnetism  were  perfectly 
regular,  the  full  lines  would  repre- 
°  sent  the  magnetic  meridians,  and 
the  dotted  lines  the  geographical 
meridians,  of  the  northern  hemi- 
sphere. The  angle  at  any  place 
between  t'he  two  meridians  for 
that  place  gives  the  declination 
there,  and  it  is  evident  from  the 
figure  that  that  angle  varies  for  different  places.  For 
any  place  on  the  line  ab  the  angle  of  declination  is  zero, 
for  the  magnetic  and  geographical  meridians  are  here 

*  The  magnetic  axis  must  lie  in  the  magnetic  meridian,  and 
therefore,  on  inversion  of  the  needle  it  must  either  be  coincident 
with,  or  parallel  to,  its  first  position.  A  line  fulfilling  this  condi- 
tion may  be  defined  as  the  magnetic  axis  of  a  magnet, 
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coincident ;  for  places  on  the  line  cd,  the  angle  of  declina- 
tion is  a  maximum,  and  for  places  between  these  two  lines 
the  declination  will  have  intermediate  values.  Further,  in 
the  quadrant  abd,  the  declination  is  to  the  west  of  the  geo- 
graphical meridian  and  in  the  quadrant  acb  to  the  east. 

Magnetic  observation  fixes  the  magnetic  north  pole  in 
Boothia  Felix  in  latitude  70°  5'  K,  and  longitude  96°  45' 
W.  The  position  of  the  south  magnetic  pole  has  not  yet 
been  definitely  settled ;  it  was  stated  by  Sir  James  Ross  to 
be  in  75°  30'  S.  latitude  and  154°  E.  longitude,  but  it  is 
possible  that  there  is  more  than  one. south  polar  region. 
In  England  the  angle  of  decimation  is  about  17|°  W.,  that 
is,  the  magnetic  meridian  is  about  17|°  West  of  the  geo- 
graphical meridian. 

In  Fig.  87  the  thick  lines  diverging  from  M  show  roughly 
the  true  course  of  the  magnetic  meridians ;  they  are  called 
isogonic  lines,  indicating  that  at  all  points  on  any  one  of 
them  the  angle  of  declination  is  the  same. 

46.  Inclination,  or  Dip.  If  the  magnetic  meridian  be 
found  as  in  the  preceding  article,  and 
a  magnetic  needle  free  to  move  in  a 
vertical  plane  (Fig.  81)  be  placed  with 
its  axis  in  the  meridian,  it  will  be 
found  that  it  does  not  set  horizon- 
tally, but  dips,  in  England,  at  an 
angle  of  about  68°  with  the  horizon- 
tal. This  angle  is  the  angle  of  Dip, 
and  a  magnetic  needle  mounted  so  as 
to  indicate  it  is  called  a  Dipping 

Pi*,  si.  Needle. 

To  determine    the   Inclination  or 

Dip  at  any  place  it  is  therefore  only  necessary  to  have  a 
magnetic  needle  mounted  so  as  to  move  freely  in  a  vertical 
plane  in  front  of  a  circular  scale  on  which  the  angle  of  Dip 
may  be  read  off.  A  proper  instrument  for  measuring  the 
angle  of  Dip  is  known  as  a  Dip  Circle.  It  consists,  as 
shown  in  Fig.  82,  of  three  essential  parts — the  needle 
mounted  so  as  to  move  with  as  little  friction  as  possible 
in  a  vertical  plane,  the  vertical  circular  scale  in  front  of 
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which  the  needle  moves,  and  the  horizontal  circular  scale 
on  which  the  rotation  of  the  frame  carrying  the  vertical 
scale  and  needle  can  be  read.  The  needle  is  mounted  by 
means  of  a  short  horizontal  axis  of  hard  polished  steel 
passing,  as  accurately  as  possible,  through  the  centre  of 
gravity  of  the  needle.  When  mounted  on  its  bearings, 
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this  axis  should  pass  thrcugh  the  centre  of  the  vertical 
scale  at  right  angles  to  plane  of  the  scale.  The  scalo 
itself  is  generally  graduated  so  that  both  ends  of  the 
needle  can  be  read,  and  since  the  Dip  is  measured  from  the 
horizontal,  the  zero  line,  is  horizontal.  Fig.  83  shows 
generally  how  the  scale  is  graduated  :  in  the  best  forms  of 
the  instrument,  the  positions  of  the  ends  of  the  needle  are 
read  by  small  reading  microscopes,  which  carry  verniers 
round  the  vertical  scale.  The  horizontal  scale  may  bo 
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graduated  continuously  from  0°  to  360°,  commencing  at  any 
point,  or  it  may  conveniently  be  graduated  in  the  way 
indicated  in  Fig.  83 — its  use  will  appear  in  the  sequel. 

To  determine  the  Dip  by  a  Dip  Circle,  it  is  obviously 
necessary,  first,  to  set  the  plane  of  the  needle  in  the  magnetic 
meridian — this  might  be  done  ap- 
proximately     by    determining    the 
meridian  by  means  of  a  magnetic 
needle,  but  it  is  more  conveniently 
and  accurately  done  by  the  indica- 
tions of  the  Dip  Circle  itself.     The 
instrument  is  carefully  levelled  by 
means  of  the  screw  feet,  and  the 
spirit-level    attached    to    it.      The 
needle  and  vertical  scale  are  then 
moved  round  the  horizontal  scale  un- 
til the  needle  sets  exactly  vertically. 
When  this  is  the  case  the  plane  of  the  needle  is  at  right 
angles  to  the  magnetic  meridian,  and  hence  on  turning  it 
through  90°,  measured  by  the  help  of  the  vernier  attached 
to  the  horizontal  scale,   the  needle   is   set  exactly  in  the 
magnetic  meridian. 

To  understand  this  last  adjustment  let  us  consider  what 
we  know  about  the  magnetic  field  of  the  earth.  The 
resultant  direction  of  the  magnetic  force  at  any  place  lies 
in  the  magnetic  meridian  for  that  place,  and  makes  a  definite 
angle,  known  as  the  angle  of  Dip,  with  the  horizontal  in 
that  plane.  In  Fig.  76  let  the  plane  of  the  paper,  as 
before,  represent  the  magnetic  meridian,  and  let  A I  repre- 
sent the  direction  of  the  resultant  magnetic  force  at  A. 
Imagine  a  magnet,  moving  in  a  vertical  plane  at  right  angles 
to  the  plane  of  the  paper,  to  have  its  north  pole  at  A — the 
force  acting  on  the  pole  will  be  in  the  direction  AI,  but 
only  the  vertical  component  of  this  force  will  have  any  effect 
on  the  needle,  for  the  horizontal  component,  AH,  being  at 
right  angles  to  the  plane  of  motion  of  the  needle,  can  have 
no  effect  on  it,  except  to  produce  a  slight  pressure  on  its 
bearings.  Hence,  when  the  plane  of  motion  of  the  needle 
is  at  right  angles  to  the  magnetic  meridian,  only  the  vertical 
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component  of  the  earth's  magnetic  field  is  effective,  and 
consequently  the  needle,  being  entirely  under  the  influence 
of  this  component,  sets  vertically. 

The  needle  being  thus  set  in  the  magnetic  meridian,  it 
only  remains  to  read  off  the  angle  of  Dip  on  the  vertical 
scale,  and  if  the  needle  be  accurately  centred  and  suspended, 
and  the  scale  accurately  levelled  and  engraved,  the  direct 
reading  of  either  end  of  the  needle  gives  the  true  Dip.  In 
practice,  however,  the  npedle  and  scale  are  never  in  accurate 
adjustment,  and  a  number  of  corrections  are  necessary  to 
eliminate : — 

(1)  The  error  due  to  eccentricity,  that  is,  the  error  which 
results  if  the  axis  of  suspension  of  the  needle  should  not  pass 
through  the  centre  of  the  vertical  scale. 

(2)  The  error  which  results  if  the  zero  line  of  the  vertical 
scale  is  not  truly  horizontal. 

(3)  The  error  due  to  non -coincidence  of  the  magnetic 
axis  of  the  needle  with  its  geometrical  axis. 

(4)  The  error  which  results  from  non-coincidence  of  the 
point  of  suspension  of  the  needle  with  its  centre  of  gravity. 

Error  (1)  is  eliminated  by  reading 
both  ends  of  the  needle  and  taking 
the  mean  of  the  two  readings. 
This  is  evident  from  Fig.  84,  for  if 
O  represent  the  point  of  suspension 
of  the  needle  and  0'  the  centre  of 
the  circular  scale,  then  the  true  Dip 
on'  or  os'  is  evidently  the  arithme- 
tical mean  of  on  and  os,  the 
actual  readings  of  the  two  ends  of 
the  needle. 

Error  (2)  is  eliminated  by  taking  the  mean  reading  for 
two  positions  of  the  needle  in  the  magnetic  meridian. 
When  the  needle  is  first  set  at  right  angles  to  the  magnetic 
meridian,  it  can  evidently  be  put  in  the  meridian  by  turning 
through  90°,  either  to  the  right  or  to  the  left  of  the  observer : 
let  it  be  turned  first  to  the  right,  say,  and  let  the  position 
of  the  needle  be  read,  then  let  it  be  turned  through  180° 
in  either  direction,  and  it  will  be  again  in  the  magnetic 
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meridian,  but  reversed  relative  to  the  observer.  The  mean 
of  tbe  readings  of  both  ends  of  the  needle,  taken  in  these 
two  positions,  gives  the  Dip  corrected  for  the  sources  of 
errors  (1)  and  (2).  For  in  Fig.  85,  where  the  right-hand 


Fig.  95. 

drawing  represents  the  reverse  (or  obverse)  view  of  the  left- 
hand  one,  if  o'o'  represent  the  true  horizontal,  and  oo 
the  actual  position  of  the  zero- line,  then  the  true  Dip 
o'n  or  o's  is  evidently  the  arithmetical  mean  of  the  reading 
on  or  os  in  the  left-hand  drawing,  and  on  or  os  in  the 
right-hand  drawing. 

The  source  of  error  indicated  in  (3)  has  already  been 
considered  in  the  determination  of  Declination.  It  is 
eliminated  in  the  same  way  by  reversing  the  needle  relative 
to  the  scale,  that  is,  by  lifting  the  needle  off  its  bearings, 
turning  it  round  back  for  front,  and  replacing  it  on  the 
bearings.  The  four  readings  indicated  above  are  now 
repeated,  and  the  mean  of  the  eight  readings  thus  obtained 
gives  the  Dip  corrected  for  errors  (1),  (2),  and  (3). 

To  correct  for  error  (4)  it  is  necessary  to  remagnetise  the 
needle,  so  as  to  reverse  its  poles.  The  eight  readings  men- 
tioned above  are  now  repeated,  and  the  mean  of  the  sixteen 
readings  gives  the  true  Dip.  The  theory  of  this  correction 
may  be  seen  in  a  general  way  thus  :  suppose  the  centre  of 
gravity  of  the  needle  to  be  nearer  the  north  pole  of  needle 
than  the  point  of  suspension,  then  it  is  evident  that  the 
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observed  angle  of  Dip  will  be  too  great,  but  on  reversing 
the  magnetism  of  the  needle  the  observed  angle  will, 
for  the  same  reason,  be  too  small,  and  hence,  by  taking 
the  mean  of  the  two  readings,  the  error  is  approximately 
liminated. 

Like  the  declination,  the  angle  of  Dip  is  different  for 
different  positions  on  the  earth's  surface.  In  the  northern 
hemisphere,  the  north  pole — that  is,  the  north-seeking  pole 
— of  the  needle  always  dips  downwards,  and  the  magnitude 
of  the  angle  of  Dip  varies  with  change  of  position  on  the 
surface  of  the  hemisphere.  At  one  point  the  needle  sets 
itself  vertically,  and  the  Dip  has  its  maximum  value  of  90°. 
This  point  is  the  magnetic  north  pole.  Similarly,  in  the 
southern  hemisphere  the  south-seeking  pole  of  the  needle 
dips  downwards,  and  at  the  south  pole  the  needle  is  vertical. 
From  this  it  follows  that,  at  a  series  of  points  in  the 
neighbourhood  of  the  equator,  the  needle  is  horizontal,  and 
dips  neither  towards  the  north  nor  the  south  pole  of  the 
earth— at  these  points,  \ 

therefore,  the  angle  of  Dip 
is  zero,  and  the  locus  of  all 
such  points  is  called  the 
magnetic  equator,  or  more 
properly  the  aclinic  line,  or 
line  of  no  dip.  Hence,  if  a 
dipping  needle  were  carried 
by  any  path,  say  along  a 
magnetic  meridian,  from 
the  magnetic  north  pole  to 
the  magnetic  south  pole,  the 
position  of  the  needle  would 
change  through  180°.  At 
the  magnetic  north  pole  the 
needle  is  vertical,  with  its 
north-seeking  pole  dipping 
down,  but  as  it  is  carried 


Fig.  86. 


south  the  angle  of  dip  gradually  decreases  from  its  initial 
value  of    90°  at   the  pole  to  0°  at  the  aclinic  line.     Ou 
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crossing  this  line,  the  south-seeking  pole  of  the  needle 
begins  to  dip,  and  the  inclination  gradually  increases  from 
0°  to  90°  in  passing  from  the  equator  to  the  south  pole. 
Figure  86  shows  these  changes  diagrammatically  :  in  study- 
ing the  figure  it  must  be  remembered  that  the  Dip  at 
any  place  is  measured  by  the  angle  between  the  horizontal 
at  the  place  and  direction  of  the  magnetic  axis  of  the 
dipping  needle  at  that  place ;  also  that  the  horizontal 
at  any  place  is  the  line  drawn  tangential  to  the  earth's 
surface  at  that  place.  Thus  at  A  the  line  AH  is  the 
horizontal,  and  the  angle  HAK  is  the  angle  of  Dip.  The 
position  of  equilibrium  of  the  dipping  needle  at  any  place 
is  determined  by  the  principles  illustrated  in  Fig.  73,  where 
NS  may  represent  the  earth  (as  a  magnet)  and  ns  the 
dipping  needle. 

It   is    evident  that   a   number   of  placet  at   which   the 
angle   of    Dip   is   the   same  can  be  found — thus,   roughly 


Fig:.  87. 


speaking,  all  places  at  equal  distances  from  either  magnetic 
pole  should  have  the  same  Dip.     Hence,  if  lines  be  drawn 
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tlirough  all  places  at  which  the  Dip  is  the  same,  we  shall 
have  a  series  of  isoclinic  lines  corresponding  on  a  magnetic 
map  to  the  lines  of  latitude  on  a  geographical  map — the 
aclinic  line  is  one  of  these  lines  and  corresponds  to  the 
geographical  equator.  In  Fig.  87  the  irregular  circles  con- 
centric with  M  represent  the  isoclinic  lines  for  every  10° 
of  Dip — the  aclinic  line  or  magnetic  equator  being  the 
irregular  curve  of  no  Dip. 

47.  The  Horizontal  Component  of  the  Earth's  Magnetic 
Field.  To  determine  the  total  intensity  of  the  earth's 
magnetic  field  it  is  usual  to  measure  the  horizontal  component 
of  that  force.  The  reason  for  this  is  that  in  measuring 
a  magnetic  field  it  is  necessary  to  work  with  pivoted  or 
suspended  magnets  free  to  move  in  the  field.  Now,  owing 
to  action  of  gravity,  it  is  most  convenient  to  work  in  a 
horizontal  plane,  in  which  the  magnetic  field  is  that  due  to 
the  horizontal  component  of  the  earth's  total  field. 

In  Fig.  76,  let  AI  represent  the  total  intensity  of  the 
earth's  field  ;  then,  resolving  horizontally  and  vertically, 
AH  represents  the  horizontal  component,  AV  the  vertical 
component,  and  the  angle  HAI  the  angle  of  Dip.  These 
quantities  are  usually  represented  by  I,"  H,  V,  and  8 
respectively,  and  from  Euc.  I.  47  and  Art.  43  we  have — 

P  =  H'  +  V2. 

TT 

I  = j,  or  H  =  1  cos  d. 

V    ,  or  V    =   I  sin  8. 


sin  5 
AJso,  from  figure 

T  TT  -y 

-r-fj  =  tan  8,  that  is,  —  =  tan  9. 

These  relations  between  the  magnetic  elements  are  im- 
portant; from  them  it  is  evident  that  if  any  two  of  th«> 
quantities  I,  H,  V,  and  8  are  known,  then  the  others  can 
be  found.  The  two  usually  determined  are  H  and  8 :  we 
have  already  detailed  how  8  is  measured,  and  we  have  now 
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to  show  how  H  can  be  measured.  This  is  a  somewhat 
difficult  operation,  and  we  can  only  indicate  generally  how 
it  is  performed.  The  determination  consists  of  two  steps. 

(1)  A  Deflection  Experiment,  In  this  experiment  a  simple 
piece  of  apparatus  known  as  a  magnetometer  is  used.  It 
consists  of  a  small  needle,  ns  (Fig.  88),  pivoted  or  suspended 
so  as  to  move  freely  in  a  horizontal  plane.  When  left  to 
itself  the  needle  sets  itself  in  the  magnetic  meridian  under 
the  influence  of  the  horizontal  component,  H,  which  is  the 
measure  of  the  intensity  of  the  field  in  which  it  lies.  A 
magnet,  NS,  is  placed  "end  on"  with  its  centre  at  a 
distance  d  to  the  east  or  west  of  the  centre  of  the  needle 
ns.  As  a  result  the  latter  is  deflected  through  an  angle 
a,  and,  by  Art.  42,  we  know  that 


-2  tana, 


where  M  denotes  the  magnetic  moment  of  the  magnet  NS. 

When  the  needle  is  pivoted,  as  in  the  apparatus  shown 
in  Fig.   88,  the  angle  a  is  read  off  on  a  circular  scale  by 


Fig.  88. 

means  of  a  light  brass  pointer  pp1  attached  to  the  needle 
r<s,  the  distance  d  being  given  by  the  millimetre  scale  SS, 
which  is  graduated  from  the  pivot  of  the  needle  as  zero. 
For  more  accurate  determinations  a  mirror  magnetometer  is 
used ;  the  needle,  attached  to  a  small  concave  mirror,  is  sus- 
pended by  a  silk  fibre,  and  the  angle  of  deflection  is  measured 
by  the  mirror  and  scale  arrangement  described  in  Art.  27. 

For  the  more  exact  determination  of  the  angle  of  deflec- 
tion, four  observations  for  the  same  value  of  d  are  taken  in 
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the  way  indicated  in  Fig.  89,  the  true  value  of  a  being 


s~ 


: 


Fig.  89. 

the  mean  of  the  'eight  readings  obtained  by  reading  both 
ends  of  the  needle  in  the  four  positions  of  the  figure. 

The  object  of  the   experiment  is  the  determination  of 

—  from  observation  of  d  and  a  by  means  of  the  relation 

M 
H 


tan  a. 


(2)  An  Oscillation  Experiment.  The  magnet  NS  is  sus- 
pended by  a  silk  fibre  inside  a  box  with  glass  sides,  and  the 
position  of  the  box  is  adjusted  until  the  magnet  sets  in  the 
magnetic  meridian  with  its  axis  in  the  vertical  plane  passing 
through  two  vertical  lines  ruled  on  opposite  faces  of  the 
box.  When  this  adjustment  is  made  the  magnet  is  slightly 
deflected  by  bringing  the  pole  of  a  magnet,  held  at  right 
angles  to  it,  near  one  of  its  poles,  and  is  then  allowed  to 
oscillate  backwards  and  forwards  in  a  horizontal  plane  under 
the  influence  of  the  horizontal  component  of  the  earth's 
magnetic  field. 

The  time  of  each  oscillation  of  the  magnet  is  then  care- 
fully determined — most  readily  by  noting  the  time  (in 
minutes  and  seconds)  occupied  by,  say,  50  or  100  oscilla- 
tions, and  dividing  this  time  by  50  or  100  as  the  case  may 
be.  This  determination  is  most  easily  made  by  two 
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observers — one  counting  the  oscillations  commencing  at  0, 
and  counting  an  oscillation  every  time  the  magnet  passes 
through  its  initial  position  of  rest ;  the  other  noting  on  a 
chronometer,  or  watch  with  a  seconds  hand,  the  exact  time 
of  the  commencement  and  finish  of  the  50  or  100  oscilla- 
tions observed. 

Now,  if  M  denote  the  magnetic  moment  of  the  magnet, 
the  time  (t)  of  its  oscillation  in  a  field  of  intensity  H  is 
given  by — 


where  k  is  a  constant  involving  the  moment  of  inertia  of 
the  magnet.*     Hence  we  have — 

^Ml' 
or 


Hence  by  determining  t  with  a  magnet  of  regular  form, 
for  which  k  can  be  calculated,  we  are  able  to  determine 
the  product  of  the  two  quantities  M  and  H  for  which  the 
deflection  experiment  gives  the  ratio. 
Thus  we  have — 

!  =  ftan«,  (1) 

and 

•  i*  (2). 


*  For  a  bar  magnet  of  rectangular  section  of  length  Z,  breadth  £, 
and  mass  W 


and  for  a  magnet  of  cylindrical  section  of  length  I,  radius  rt  and 
mass  W 
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JSow,  by  dividing  (2)  by  (1)  we  get — • 

~  d*  t*  tan  a' 
or 

H  =  -  A  /       2 

t     V  &  tan  a' 

and  thus  H,  the  horizontal  component  of  the  earth's 
magnetic  field,  is  determined. 

If  the  units  involved  in  k  are  stated  in  grams  and  cen- 
timetres, t  in  seconds,  and  d  in  centimetres,  then  H  gives  in 
dynes  the  horizontal  component  of  the  force  wLich  a  unit 
magnetic  pole  would  experience  in  the  field  of  the  earth. 

It  should  be  noticed  that  the  magnetic  moment  of  the 
magnet  NS  can  also  be  determined  from  equations  (1)  and 
(2),  for,  by  multiplication,  \ve  have — 

M2  _  d3  W  tan  q 

2? 
or 


—  tan  a. 

Thus  the  experimental  method  which  gives  H  also  serves 
to  determine  M.  The  value  of  H  varies  with  a  change  of 
position  on  the  surface  of  the  earth.  We  1  ave  seen  that 
H  =  I  cos  8;  hence  H  increases  as  I  increases,  and  deci  eases 
as  8  increases.  In  travelling  from  the  equator*  to  either  pole 
the  value  of  I  increase?,  but  that  of  cos  8  decreases,  mid  more 
rapidly  than  I  increases;  therefore,  on  the  whole,  H  decreases 
in  passing  from  the  equator  to*  the  poles.  Thus,  at  Quito, 
near  the  equator,  the  value  of  H  is  about  "32  C.G.S.  units; 

*  Owing  to  the  irregular  distribution  of  the  earth's  magnetism, 
e  aclinic  line  is  not,  as  it  should  be,  the  line  of  minimum  intensity. 


If  a  line  were  drawn  through  all  points  where  I  is  a  minimum,  we 
should  obtain  another  curve  very  close  to  the  aclinic  line  with  a  claim 
to  be  called  the  magnetic  equator.  Theoretically,  the  magnetic 
equator  should  be  a  line  of  zero  dip  and  minimum  intensity,  and  at 
all  points  on  it  the  direction  of  the  magnetic  axis  of  a  compass 
needle  should  be  at  right  angles  to  its  plane. 
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in  Great  Britain  it  varies  from  '18  units  in  London  to  -16 
units  in  Glasgow,  and  at  the  north  magnetic  pole  it  is  zero. 

48.  Variations  of  the  Magnetic  Elements,     The  magnetic 
elements  vary  not  only  from  place  to  place  on  the  earth's 
surface,  but  also  from  time  to  time  at  any  given  place. 
These  variations  may  be  roughly  classified  thus : — 

(1)  Secular  variations.     These  are  slow  periodic  changes, 
taking  a  great  many  years  to  complete  their  period.     Thus, 
in   1580  the  decimation  at  London  was  11°  East;  then  it 
gradually  moved  westward  until,  in  1815,  it  attained  an 
extreme  westerly  value  of  24°  30'  West.     Since  then  it  has 
gradually  decreased  to  its  present  value,  about  17|°  West, 
and   in   another  150  years  it   may  be   zero,  that  is,  the 
compass  will  point  true  north.     The  Dip  is  also  subject  to 
secular  variations — at  London  in  1576  it  was  71°  50',  and 
slowly  increased  until  in  1720  it  reached  a  maximum  value 
of  74°  40'.    Since  that  date  it  has  gradually  decreased  to  its 
present  value  of  about  67°  30'. 

(2)  Annual  variations  of  the  Dip  amounting  to  about  a 
quarter  of  a  degree  on  either  side  of  the  mean  annual  value. 

(3)  Diurnal  variations  of  Dip,  varying  in  value  from  5'  to 
20'  or  30' 

In  addition  to  these  periodic  variations,  there  are  irn  gular 
disturbances  supposed  to  be  indications  of  magnetic  storms. 

Owing  to  lack  of  observations,  little  is  known  about  the 
variations  of  H,  except  in  so  far  as  its  value  is  affected  by 
the  variations  of  8  given  above. 

49.  Magnetisation  by  the  Inductive  Action  of  the  Earth's 
Magnetic  Field.     We  have  learnt  in  Art.  37  that  when  a 
piece  of  iron  or  steel  is  placed  in  a  magnetic  field  it  becomes 
magnetised,  and  that  in  steel  the  magnetisation  is  in  some 
degree  permanent,  but  in  iron  the  residual  magnetism  varies 
with  the  softness  of  the  iron,  being  practically  nil  for  very 
soft  wrought  iron. 

It  follows  from  this  that,  since  the  earth  possesses  a 
magnetic  field,  every  piece  of  iron  or  steel  on  it  is  more  or 
less  a  magnet ;  but  as  the  earth's  field  is,  for  purposes  of 
magnetisation,  extremely  feeble,  special  precautions  are 
necessary  in  order  to  experimentally  verify  the  truth  of 
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this  fact.  Further,  a  piece  of  steel  being  somewhat  difficult 
to  magnetise,  may  not  possess  magnetic  properties  unless  it 
has  lain  for  a  very  long  time  in  one  fixed  position,  or  unless 
the  arrangement  of  its  molecules  is  facilitated  by  jarring 
or  hammering  while  in  a  favourable  position  in  the  field. 
Thus,  if  a  rod  of  steel  or  hard  iron,  for  example,  an  ordinary 
poker,  be  placed  with  its  length  along  the  line  of  Dip,  that 
is,  parallel  to  the  lines  of  force  in  the  earth's  field,  then,  on 
smartly  tapping  its  upper  end  with  a  hammer,  it  at  once 
becomes  a  magnet,  the  lower  end  being  a  north  pole,  so  that 
on  presenting  this  end  to  the  north  pole  of  a  compass  needle 
repulsion  is  distinctly  exhibited.  Similarly,  if  the  poker 
were  allowed  to  remain  in  this  position  for  some  weeks  or 
months,  it  would,  under  the  continued  inductive  action  of 
the  field,  gradually  acquire  magnetic  properties  without 
being  struck  by  a  hammer. 

The  poker  is  placed  with 
its  length  parallel  to  lines  of 
force,  because  in  this  position 
it  is  acted  on  inductively  by 
the  total  intensity  of  the  earth's 
magnetic  field — if  placed  in  the 
magnetic  meridian  with  its 
length  horizontal,  its  induced 
magnetism  may  be  said  to  be 
due  to  the  inductive  action  of 
H,  the  horizontal  component 
of  the  earth's  field ;  and  if  placed 
vertical,  the  inductive  effect  is 
said  to  be  due  to  the  vertical 
component  V. 

Similarly,  a  rod  of  soft  iron 
under   the   same    conditions   is 
acted  on  in  precisely  the  same 
way,  but  the  effect  is   temporary, 
readily  exhibited. 

*  The  arrows  in  the  figure  show  the  direction  of  the  lines  of 
force  ;  that  is,  the  direction  in  which  a  north  pole  would  be  urged. 
Hence  the  north  pole,  N,  is  induced  in  that  direction. 


I    i 


Fig.  90. x 

and   too   feeble   to   be 
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To  determine  the  magnetic  effect  produced  when  a  piece 
of  magnetic  substance  is  placed  in  any  position  in  a  mag- 
netic field,  it  must  be  remembered  that  magnetic  induction 
acts  more  readily  through  magnetic  substances  than  through 
non-magnetic  substances.  Now  the  effect  on  a  magnetic 
substance  placed  in  the  field  depends  upon  the  distribution 
of  the  lines  of  force  through  it ;  it  is  magnetised  by  induc- 
tion, its  magnetic  axis  being  parallel  to  the  general  direction 
>x  of  the  lines  of  force 

.-N\N\\\  in  it  and  its  poles  at 

\\\ \\v\\  the  points  where  the 

lines  enter  and  leave 
it.  Thus,  if  an  iron 
or  steel  rod  be  placed 
with  its  length  at 
right  angles  to  the 
direction  of  the  lines 
of  force,  then,  at  any 
point  in  its  length, 
Fig.  90  shows  the 
polarity  and  general 


Fig.  91. 


the  poker  considered 
above,  with  its  length 
parallel  to  the  lines 
of  force,  then  Fig.  91 
indicates  the  polarity  and  also  the  general  distribution  of 
lines  of  force. 

The  student  should  verify  these  and  similar  results  by 
placing  different  pieces  of  iron  and  steel  in  various  positions 
in  the  space  between  two  unlike  poles  of  two  strong  bar 
magnets,  and  obtaining  a  representation  of  the  field  in  each 
case  by  means  of  iron  filing  curves. 


CHAPTER   IX. 


SIMPLE  MAGNETIC  MEASUREMENTS. 

50.  The  Torsion  Balance.  The  torsion  balance  described 
in  Art.  8  was  applied  by  Coulomb  to  the  purposes  of 
magnetic  measurement.  Fig.  92  shows  the  instrument 
arranged  for  magnetic  work. 
The  shellac  lever  a  b  shown  in 
Fig.  5  is  replaced  by  the  mag- 
net NS,  and  the  insulating  rod 
g  by  the  magnet  M. 

The  general  method  of  work 
is  exactly  similar  to  that  de- 
scribed in  Art.  8,  but,  owing 
to  the  directive  action  of  the 
earth's  field  on  the  magnet  NS,  • 
the  following  additional  ad- 
justments have  to  be  considered. 

(1)  The  suspension  wire  must 
be  free  from  torsion  when  the 
magnet    lies    in    the    magnetic 
meridian.     This  may  be  effected 
by  suspending,  in  place  of   the 
magnet,  a  copper  bar  of  about 
the  same  size  and  weight,  and 
then  adjusting  the  torsion  head 
nntil  this  bar  lies  in  the  mag- 
netic meridian.     When  the  magnet  is  now  replaced  in  its 
stirrup,  it  at  once  sets  in  the  meridian  without  putting  any 
twist  on  the  wire. 

(2)  When  the  magnet  is  deflected  out  of  the  meridian  by 
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the  repulsion  of  the  lower  pole  of  M,  it  is  urged  back  by 
two  couples,  one  due  to  torsion,  as  explained  in  Art.  8,  and 
the  other  due  to  the  horizontal  field  of  the  earth.  The 
moment  of  the  former  couple  is  proportional  to  T,  the 
twist  on  the  wire ;  the  moment  of  the  latter  is,  according 
to  Art.  41,  given  by  m  I  H  sin  8,  where  m  is  the  strength  of 
the  pole,  of  the  magnet,  I  its  length,  H  the  intensity  of  the 
horizontal  component  of  the  earth's  field,  and  8  the  angle  of 
deflection  from  the  meridian.  Coulomb,  however,  for  the 
sake  of  simplicity,  did  not  apply  this  relation,  but  deter- 
mined by  experiment  the  value  of  this  moment  in  terms  of 
the  torsion  moment.  This  he  did  by  first  removing  M  and 
adjusting  NS  in  the  meridian,  so  that  the  suspension  wire 
was  free  from  torsion.  He  then  turned  the  torsion  head  so 
as  to  deflect  NS  out  of  the  meridian,  and  noted  the  amount 
of  twist  that  had  to  be  put  on  the  wire  in  order  to  deflect 
the  magnet  1°  out  of  the  meridian.  Thus,  in  one  experi- 
ment, it  was  found  that  the  torsion  head  had  to  be  turned 
through  360°  in  order  to  deflect  the  magnet  (in  the  same 
direction)  10°  out  of  the  meridian,  that  is,  a  twist  of  350° 
(360—10)  had  to  be  put  on  the  wire  to  produce  10°  deflection 
from  the  meridian.  Hence,  assuming  the  moment  due  to  H 
to  be  proportioned  to  the  angle  of  deflection,*  this  shows  that 
1°  deflection  from  the  magnetic  meridian  is  equivalent  to  35° 
of  torsion  on  the  wire. 

These  adjustments  being  made,  the  balance  may  be  used 
to  verify  the  laws  of  magnetic  attraction  and  repulsion  in 
precisely  the  same  way  as  described  in  connection  with  the 
verification  of  the  corresponding  laws  of  electrostatics.  For 
example,  in  proof  of  the  law  of  inverse  squares,  Coulomb 
made  the  following  experiment.  He  first  found,  in  the 
way  explained  above,  that  1°  deflection  of  the  magnet  out 
of  the  magnetic  meridian  corresponded  to  35°  of  torsion  of 
the  wire.  The  magnet  M  was  then  placed  in  position,  and 

*  Since  this  moment  is  expressed  by  m  I  H  sin  S,  it  is  evidently 
proportional,  not  to  the  angle  of  deflection,  but  to  the  sine  of  that 
angle.  For  small  angles,  however,  the  sine  of  an  angle  is  propor- 
tional to  the  angle  ;  so  that,  unless  the  deflection  exceeds  10  or  20 
degrees,  Coulomb's  method  is  sufficiently  exact. 
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was  found  to  repel  the  suspended  magnet  through  24°. 
The  twist  on  the  wire  was  thus  24°,  and  adding  to  this  the 
24  X  35°  of  torsion  to  which  the  24°  deflection  out  of  the 
magnetic  meridian  is  equivalent,  the  total  torsion  equivalent 
of  the  deflection  was  taken  as  (24  +  24  x  35)  or  (36  x  24) 
=  864°.  The  torsion  head  was  then  turned  so  as  to  reduce 
the  deflection  from  24°  to  12°,  and  it  was  found  that  eight 
complete  revolutions  were  necessary  to  effect  the  desired 
result.  The  actual  twist  on  the  wire  is  now  equal  to 
8  x  360  +  12  =  2892°,  and  adding  to  this  the  torsion 
equivalent  of  the  12°  deflection  out  of  the  meridian,  we  get 
a  total  of  2892  +  (12  x  35)  =  2892  +  420  =  3312°.  This 
proves  that,  on  halving  the  distance  between  the  two 
magnetic  poles.,  the  force  of  repulsion  between  them  is 
increased  fourfold,  for  3312  is  approximately  four  times 
864,  and  the  force  of  repulsion  is  roughly  proportional  to 
the  torsion  equivalents  of  the  deflections  compared. 

As  already  explained,  the  torsion  balance  isa  comparatively 
rough  instrument,  and  is  now  but  little  used.  It  has, 
however,  played  an  important  part  in  the  development  of 
magnetic  measurements,  and  the  principles  of  its  construction 
are  still  of  some  practical  importance. 

51.  Comparison  of  the  Intensities  of  Magnetic  Fields. 
The  method  of  oscillations  is  the  most  convenient  for 
comparing  magnetic  fields.  As  already  explained,  the  time 
of  oscillation  of  a  freely  suspended  magnetic  needle  varies 
inversely  as  the  square  root  of  the  intensity  of  the  field 
in  which  it  is  suspended,  that  is,  the  square  of  the  number 
of  oscillations  executed  by  the  needle  in  a  given  time  is 
directly  proportional  to  the  intensity  of  the  field.  Hence, 
if  a  needle  be  caused  to  oscillate  at  two  places  on  the  earth's 
surface  where  the  horizontal  intensities  are,  say,  H^  and 
H2,  and  the  number  of  oscillations  performed  in  a  given 
time  at  these  places  be  respectively  n^  and  n>2,  then  we 
have — 

HI       M\a 

%  "  UJ 

In  this  way  the  intensity  of  the  horizontal  component  of 
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the  earth's  magnetism  at  any  place  may  be  compared  with 
its  intensity  at  any  other  place. 

If  we  wish  to  compare  the  intensity  of  the  field  due  to  a 
given  magnetic  system  with  the  horizontal  component  of 
the  earth's  field,  it  will  in  general  be  necessary  to  eliminate 
from  the  former  the  effect  of  the  latter.  Thus,  let  a  bar 
magnet  be  adjusted  in  the  neighbourhood  of  the  needle,  so 
that  the  latter  still  sets  in  the  magnetic  meridian,  and  let  it 
be  required  to  compare  the  field  due  to  the  magnet  in  the 
neighbourhood  of  the  needle  with  the  horizontal  field  of 
the  earth.  Let  I  denote  the  intensity  of  the  field  due  to 
the  magnet,  and  H  the  horizontal  field  of  the  earth,  then 
the  total  intensity  of  the  field  around  the  needle  when  the 
magnet  is  in  position  is  (I  +  H) ;  and  if  %  denote  the 
number  of  oscillations  of  the  magnet  in  a  given  time  in  this 
field,  and  n  the  number  in  the  same  time  in  the  earth's 
field,  we  have — 

I  +  H      *• l 


i 
=  *' 


or 


Similarly,  if  any  two  magnetic  fields,  from  which  the  field 
of  the  earth  is  to  be  excluded,  are  to  be  compared,  the  influ- 
ence of  the  latter  must  be  eliminated  from  each.  This  is 
done  by  noting  the  number  of  oscillations  of  the  needle,  first 
when  under  the  influence  of  the  earth's  field  only,  and  then 
when  under  the  combined  influence  of  the  earth's  field  and 
each  of  the  two  fields  considered,  these  latter  being  so 
arranged  that  their  lines  of  force  are  parallel  and  con- 
current with  those  of  the  earth.  Let  n  denote  the  number 
of  oscillations  executed  by  the  needle  in  a  given  time  under 
the  influence  of  the  earth's  field  only,  and  nx  and  n2  the 
number  of  oscillations  in  the  compound  fields  made  up 
respectively  of  Ix  and  H,  and  I2  and  H,  where  I:  and  I2  are 
the  intensities  of  the  fields  to  be  compared.  Here  then  we 
have— 

I,  _  n?  -  & 
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and 
therefore 


This  method  may  be  applied  to  determine  quantitatively 
the  distribution  of  free  magnetism  along  a  bar  magnet.  The 
normal  component  of  the  intensity  of  the  magnetic  field  near 
any  point  on  a  magnet  is  directly  proportional  to  the  amount 
of  free  magnetism  at  that  point.  Hence,  to  determine  the 
distribution  of  the  magnetism  it  is  only  necessary  to  oscillate 
a  small  needle  *  opposite  successive  points  in  the  length  of 
the  bar,  and  to  compare  the  magnetic  fields,  due  to  the 
magnet,  at  these  points.  For  this  purpose  the  magnet,  as 
shown  in  Fig.  93,  is  fixed  vertically  to  the  north  of  the 
needle,  with  its  south  pole  pointing  up,  so  that  5- 
the  needle  still  sets  in  the  magnetic  meridian. 
The  number  of  oscillations  of  the  needle  in  a 
given  time,  when  placed  at  different  distances 
from  the  end  of  the  magnet,  is  now  noted ;  and 
the  number  of  ost  illations  executed  when  under 
the  influence  of  the  earth's  field  alone  being 
known,  the  necessary  comparisons  ctm  be  made 
and  the  distribution  of  magnetism  along  the 
bar  determined.  The  table  given  below  gives 
the  result  of  an  experiment  of  this  nature,  and 
the  student  should  apply  the  data  supplied  to 
draw  the  curve  of  distribution  and  compare  it 
with  that  given  in  Fig.  55. 

*  In  this  case  the  needle  must  be  weighted,  to  prevent  it  being 
attracted  up  to  the  magnet.  It  is  to  be  noticed  that  in  all  these 
methods  account  must  be  taken  of  the  variation  of  the  magnetisation 
of  the  needle  by  inductive  action.  This  last  method  especially  is 
vitiated  by  this  cause,  the  magnet  acts  inductive]}'  on  the  needle, 
and  the  amount  of  this  induction  is  different  at  different  points  in 
the  length  of  the  magnet,  diminishing  from  the  poles  towards  the 
centre— hence  the  magnetic  moment  of  the  test-needle  is  not  con- 
stant, but  diminishes  as  it  is  moved  from  the  poles  to  the  centre 
of  the  magnti. 

Mag.  12 


N 

Fig.  03. 
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Determination  of  the  Distribution  of  "Free"  Magnetism  on 
the  North  Half  of  a  Bar  Magnet. 

Needle  makes  4  vibrations  per  minute  when  under  the  influence 
of  the  earth's  field  only. 


Distance  of  needle 
from  centre  of 
magnet. 

Number  of  oscil- 
lations of  needle. 

Relative  intensi- 
ties of  fields  due 
to  magnet. 

Distribution  of 
magm  tism  from 
centre  towards 
N.  pole. 

0  cm. 

4 

42  -  42  = 

0 

2    „ 

4-5 

4.52  _  42  _ 

4-25 

4    „ 

5 

5  '  —  42  — 

9 

6    „ 

5-5 

5-52  _  42  _- 

14-25 

8    „ 

6 

0  '  -  4*  = 

20 

10    „ 

7 

72  _  42  _ 

33 

12    „ 

8 

82  _  42  = 

48 

l^1    » 

9-5 

9.52  _  42  = 

74-25 

52.  Comparison  of  Magnetic  Moments  of  Magnets.  The 
comparison  of  the  magnetic  moments  of  two  given  magnets 
may  be  effected  by  three  convenient  and  reliable  methods. 
The  principles  involved  in  these  methods  have  already 
been  explained  ;  we  shall  therefore  proceed  at  once  to  their 
applications. 

(1)  The  Torsion  Balance  Method.  Let  A  and  B  denote 
the  two  magnets  whose  moments  are  to  be  compared. 
Suspend  A  in  the  stirrup  of  the  balance,  so  that  it  sets  in 
the  magnetic  meridian  without  putting  any  twist  on  the 
wire.  Now  turn  the  torsion  head  so  as  to  deflect  the  magnet, 
through  an  angle  8,  out  of  the  meridian.  Let  T\  denote  the 
twist  on  the  wire  when  this  adjustment  is  made. 

Repeat  these  operations  with  the  magnet  B,  taking  care 
that  the  final  deflection  from  the  magnetic  meridian  is  exactly 
the  same  for  each  magnet.  Let  T2  denote  the  final  twist 
on  the  wire  in  this  cas-e.  Then,  if  Mx  denote  the  moment 
of  A,  and  M2  the  moment  of  B,  we  evidently  have — 
M  H  ?in  5  T 


M2  H  sin  5  ~~  Ta 
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for  the  moment  of  the  couple  due  to  the  earth  (Art.  41)  is 
in  each  case  proportional  to  the  twist  on  the  wire. 

In  this  relation,  however,  H  sin  8  is  the  same  for  the 
two  magnets,  and  therefore  — 


. 

M,  ~  Tf» 

that  is,  the  magnetic  moments  of  the  magnets  are  directly 
proportional  to  the  respective  torsions  necessary  to  deflect 
them  through  the  same  angle  out  of  the  magnetic  meridian. 
The  magnetic  moment  of  a  magnet,  as  denned  in  Art.  41, 
involves  two  quantities  —  the  strength  of  the  poles  of  the 
magnet  and  the  distance  between  them.  In  general  this 
latter  quantity  is  uncertain,  but  for  thin  bar  magnets  it  is 
approximately  equal  to  the  length  of  the  magnet.  Hence, 
with  thin  bar  magnets  of  known  absolute  or  relative  length, 
the  strength  of  their  poles  can  be  compared  by  this 
method.  For  example,  let  magnet  B  be,  say,  three  times 
as  long  as  A  ;  then  if  I  denote  the  length  of  A,  and  ml 
and  m2  the  strengths  of  the  poles  of  A  and  B  respectively, 
then  — 

M,  =  mj>t 
and 

M2  =  m2  .  3  I. 
Therefore 

M,        77?!  I         ml 
M.,  =  3m.fl  = 
Hence, 

OT!         TI 
3  OT,  ~  T,f 
that  is, 


(2)  The  Deflection  Method.  To  compare  the  magnetic 
moments  of  two  magnets  by  this  method,  it  is  only  necessary 
to  note  the  deflection  produced  by  each  magnet  separately 
when  placed  at  the  same  distance  from  a  magnetometer 
needle,  the  arrangement  of  apparatus  being  exactly  that 
described  in  Art.  47.  Then,  if  M  and  M2  denote  the 
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magnetic  moments  to  be  compared,  and  ^  and  B2  the 
angular  deflections  produced,  we  have — 

Mj      «P 
H  =  2  tan  5" 
and 

Mo       d3  A 
H2=2tan5» 

where   d   denotes    the    distance   from   the   centre    of   the 
magnet  to  the  magnetometer  needle  in  each  case. 
Hence  we  get — 

M!        tan  5t 
W2  =  tan  Ba' 

that  is,  the  magnetic  moments  are  directly  proportional 
to  the  tangents  of  the  angles  of  deflection.  As  in  the 
preceding  method,  if  Mx  and  M2  be  expressed  as  mx  ^  and 
m.2  12,  then  m1  and  ra2  may  be  compared  if  ^  and  12  or  their 
ratio  be  known. 

(3)  The  Oscillation  Method.  The  comparison  of  the 
magnetic  moments  of  any  two  magnets  by  this  method 
involves  considerations  beyond  the  scope  of  this  work.  If, 
however,  we  wish  to  compare  the  moments  of  two  magnets 
of  exactly  the  same  form,  size,  and  weight,  this  method 
may  be  readily  applied.  In  this  case,  if  the  magnets  are 
freely  suspended  and  allowed  to  oscillate  under  the  influence 
of  the  earth's  field,  the  square  of  the  number  of  oscillations 
performed  in  a  given  time  will  be  directly  proportional 
to  the  magnetic  moments  of  the  magnets.  Thus,  if  a 
magnet  of  moment  Mj  make  n±  oscillations  per  minute,  and 
another  of  moment  M2  make  n2  oscillations  per  minute, 
then—  M  v 


and  since  the  lengths  of  the  magnets  are  equal,  we  at  once 
have  — 


where  m-^  and  m.2  denote  respectively  the  strengths  of  the 
poles  of  the  two  magnets. 


CALCULATIONS. 

53.  IP  two  magnetic  poles  of  strengths  in.  and  m'  are  separated  in  air 
by  'a  distance  d,  the  force  of  repulsion  exerted  between  them  is  given 
by- 

^,=  ww_.  (Art.  39.) 

If  d  be  expressed  in  cms.,  and  m  and  m'  in  C.G.S.  magnetic 
units,  then  /  is  given  in  dynes.  A  north  pole  is  considered  of 
positive  sign  and  a  south  pole  negative,  hence  a  positive  value  of  f 
indicates  a  force  of  repulsion  and  a  negative  value  a  force  of  attraction. 
The  magnetic  force  due  to  any  point  in  a  magnetic  field  at  any  point 
is  determined  in  magnitude  and  direction  by  the  resultant  force 
which  a  unit  north  pole  would  experience  if  placed  at  that  point. 

(Art.  40.) 

A  pole  of  strength  m  placed  in  a  field  of  intensity  I  experiences 
a  force  ml  (dynes)  in  a  direction  tangential  to  the  line  of  force 
passing  through  the  point  at  which  the  pole  is  placed.  The  magnetic 
moment  of  a  magnet  with  poles  of  strength  m  and  distance  I 
between  its  poles  is  given  by  — 

M  =  ml.  (Art.  41.) 

If  a  magnet  of  moment  M  is  displaced  from  its  position  of  rest 
in  a  uniform  magnetic  field  of  intensity  I,  so  that  its  axis  makes  an 
angle  a  with  the  direction  of  the  lines  of  force,  then  the  moment  of 
the  couple  tending  to  replace  the  magnet  in  its  position  of  rest 
parallel  to  the  lines  of  force  is  given  by  — 

M  I  sin  a.  (Art.  41.) 

If  the  same  magnet  be  cauced  to  oscillate  in  different  magnetic 
fields,  the  intensities  of  the  fields  will  be  directly  proportional  to  the 
square  of  the  number  of  oscillations  performed  by  the  magnet  in 
each  field  in  a  given  time.  (Art.  41.) 

If  different  magnets  of  the  same  moment  of  inertia  be  caused  to 
oscillate  in  the  same  magnetic  field,  the  magnetic  moments  of  the 
magnets  will  be  directly  proportional  to  the  square  of  the  number  of 
osci  lations  performed  by  each  magnet  in  a  given  time.  (Art.  41.) 

When  a  magnet  of  moment  M,  placed  "  end  on  "  at  a  distance  d 
from  a  magnetic  needle  freely  suspended  in  a  uniform  field  of  in- 
tensity I,  deflects  the  needle  through  an  angle  a  from  its  position 
of  rest,  then  the  ratio  of  M  to  I  is  given  by  — 

M       d3 

y  =  -2  tan  a. 

Similarly,  if  the  magnet  is  placed  "  broadside  on,"  we  have  — 


If  I  denote  the  total  intensity  of  the  earth's  magnetic  field,  H  and 
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V  the  horizontal  and  vertical  components,  and  5  the  angle  of  Dip, 
then  we  have  the  following  relations  — 

H2  +  V2  =  I2. 
H  ==  I  cos  5  ;  V  =  I  sin  d. 

~  =  tan  8.  (Art.  47.) 

EXAMPLES  III. 

].  The  force  of  attraction  beween  two  equal  dissimilar  magnetic 
poles  at  a  distance  of  10  cm.  from  each  other  is  4  dynes.  Find  the 
strengths  of  the  poles  in  C.G.S.  units. 

Here,  in  the  relation  — 


we  have  m  =  m't  d  =  W  cm.,  and/  =  4  dynes. 


or 

400  =  w2, 
or 

m  =  20  C.G.S.  units. 

That  is,  eaoh  pole  has  a  strength  of  20  C.G.S.  units,  one  being  a 
north  pole  and  the  other  a  south  pole. 

2.  A  north  pole  whose  strength  is  10  C.G.S.  units  experiences  a 
^J  force  of  20  dynes  when  placed  at  a  given  point  in  a  cerlain  ma^ri^tic 
field;  find  the  intensity  of  this  field  at  the  given  point. 

Here  a  north  pole  of  10  units  strength  experiences  a  force  of  20 
dynes,  therefore  a  north  pole  of  unit  strength  would,  at  the  same 

point  in  the  field,  experience  a  force  of  —  =  2  dynes  ;  that  is,  the 

intensity  of  the  field  at  the  given  point  is  2  dynes. 
J  3.  A  magnet  10  cm.  long,  with  poles  of  unit  strength,  is  freely  sus- 
pended in  a  horizontal  uniform  magnetic  field  of  intensity  0'18  dyne  ; 
find  the  moment  of  the  couple  tending  to  restore  the  magntt  to  its 
position  of  rest  when  it  is  deflected  in  a  horizontal  plane  through 
30°  from  that  position. 

The  moment  of  the  couple  tending  to  restore  the  magnet  to  its 
position  of  rest  is  given  by  M  I  sin  a. 

Here  M  =  ml  =  1  x  10  =  10  C.G.S.  units. 
I  =  0-18  dyne. 
a  =  30°. 
.  •  .  moment  of  restoring  couple  — 

=  10  x  0-18  x  sin  30°. 

«=  1-8  x  i  =  0-9  (dyne  cm.  01  C.G.S  units). 
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4.  Two  magnets,  A  and  B,  are  caused  to  oscillate  in  the  same 
magnetic  field;    A  performs  15  vibrations  per  minute,  and  B  10 
vibrations  per  minute.    The  magnet  A  is  then  caused  to  oscillate  in 
one  magnetic  field  and  B  in  another ;  A  now  performs  5  vibrations 
per  minute  and  B  20  vibrations  per  minute.     Compare  the  intensities 
of  thf  fields  in  which  A  and  B  now  oscillate,  and  compare  also  the 
magnetic  moments  of  these  magnets. 

From  the  data  of  the  question  the  second  field  in  which  the  magnet 
A  oscillates  is  to  the  first  field  in  which  both  A  and  B  oscillate  in  the 
nitio — 

T5* =  W*  =  "9" 

That  is,  the  intensity  of  the  second  field  is-th  that  of  the  first. 
Similarly,  the  second  field,  in  which  B  oscillates,  is  to  the  first  as— 

TO2  =  T  =  T 

That  is,  the  intensity  of  the  second  field  is  4  times  that  of  the 
first.  Therefore  the  ratio  of  the  intensities  of  the  second  fields  in 
which  A  and  B  respectively  oscillate  is  given  by — 

-^  :  4  or  1  :  36. 

That  is,  the  intensity  of  the  second  field  in  which  B  oscillates  is  36 
times  as  great  as  that  in  which  A  oscillates  a  second  time. 

From  the  data  given  in  the  beginning  of  the  question  we  have, 
assuming  the  magnets  to  have  the  same  moment  of  inertia — 

The  magnetic  moment  of  A  _  15*  _  32  _  9 
The  magnetic  moment  of  B       10*       22       4* 

5.  A  magnet  suspended  by  a  fine  vertical  wire  hangs  in  the  magnetic 
meridian  when  the  wire  is  untwisted.     If  on  turning  the  upper  end 
of  the  wire  half  round  the  magnet  is  deflected  through  30°  from  the 
meridian,  show  bow  much  the  upper  end  of  the  wire  must  be  turned 
in  order  to  deflect  the  magnet  45°  and  60°  respectively. 

Here  the  magnet  lies  in  the  uniform  magnetic  field  due  to  the 
horizontal  component  (H)  of  the  earth's  field,  and  when  deflected 
the  moment  of  the  couple  tending  to  restore  it  to  its  position  of  rest 
in  the  magnetic  meridian  is  M  H  sin  5,  where  M  denotes  the  mag- 
netic moment  of  the  magnet  and  5  the  angle  of  deflection  from  the 
meridian.  (Art.  41.) 

In  each  case  the  moment  of  this  couple  is  balanced  by  the  opposing 
moment  due  to  the  torsion,  on  tlw  wire  ;  hence  we  have — 

T3o  :  T45  :  TGO  : :  8in  30  :  s*n  45  :  sin  60. 
From  the  data  given — 

T«  =  180°-30°  = 
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Therefore,  ,        , 


J 


J 


,  or 


That  is,  the  twist  on  the  wire  will  be  1  50  \/2~  degrees,  and  the  upper 
end  of  the  wire  must  be  turned  through  (IfiO  \/2  +  45)  degrees 
Also, 

150^::*  :  ^  or 

T60  =  150v/3, 

and  the  upper  end  of  the  wire  must  be  turned  through  (150  \/3  4-  60) 
degrees. 

6.  Compare  the  intensities  of  the   horizontal  components  of  the 
earth's  magnetic  field  at  two  places  A  and  B,  given  that  at  A  the 
dip  is  60°  and  the  total  intensity  -3  dyne,  and  at  B  the  dip  is  45° 
and  the  total  intensity  '2  dyne. 

Here,  since  H  =  I  cos  5,  we  have  at  A  — 

H  =  -3  cos  60°  =  -3  x  -  =  -15  dyne  ; 
and  at  B—  2 

H  =  -2  cos  45°  =  -2  x  -~  =  ^  =  -HH  dyne. 

7.  A  declination  needle  makes  50  oscillations  in  one  minute  at  a 
point  on  the  earth's  surface  where  the  dip  is  (10°,  and  57  oscillations 
in  a  minute  where  the  dip  is  45°.     Compare  the  magnetic  intensities 
at  the  two  places. 

8.  Show  how  to  compare  the  magnetic  force  exerted  by  the  earth 
on  a  suspended  needle  with  that  exerted  by  an  artificial  magnet  at 
a  given  distance.     A  long  bar  magnet  is  placed  with  its  length  in  the 
magm-tic  meridian,  and  its  north  pole  20  cm.  south  of  the  south  pole 
of  a  freely  suspended  needle.     If  the  needle  oscillates  25  times  per 
minute  when  the  magnet  is  not  in  position,  and  100  times  per  minute 
when  under  the  influence  of  the  magnet,  find  the  strength  of  the 
magnet  pole,  assuming  H  =0'18  dyne  and  neglecting  the  action  of 
the  south  pole  of  the  magnet. 

9.  A  magnetic  needle,  the  magnetic  moment  of  which  remains 
constant,  is  suspended  so  as  to  move  freely  in  a  horizontal  plane. 
"When  deflected  from  the  magnetic  meridian  at  thtee  different  places 
on  the  earth's  surface,  it  is  observed  to  oscillate  7'5,  8'3,  and  10-4 
times  respectively  in  one  minute.     Compare  the  intensities  of  the 
earth's  horizontal  magnetic  force  at  the  three  places. 

10.  What  is  meant  by  the  three  magnetic  elements  at  any  point 
on  the  earth's  surface  ?     Let  the  horizontal  force  be  3*8,  and  the 
vertical  force  8'5.     Find  the  total  magnetic  force. 

11.  Explain  how  to  determine  the  ratio  of  the  magnetic  moment 
of  a  magnet,  to  the  earth's  horizontal  magnetic  force 
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CHAPTER  X. 
INTRODUCTORY. 

54.  Voltaic  Cells  and  their  Action.  From  Part  I.,  the 
student  has  already  learnt  that  electricity  flows  along  con- 
ductors— thus,  if  a  positively  charged  body  be  connected  to 
the  earth  by  means  of  a  long  copper  wire,  the  positive 
electricity  at  once  flows  along  the  wire,  and  the  body  is 
discharged.  In  this  case  the  flow  lasts  for  a  mere  instant 
of  time,  but  if  it  were  possible  to  supply  electricity  to  the 
body  as  quickly  as  it  loses  it,  then  we  should  have  a  con- 
tinuous current  of  electricity  along  the  wire.  It  is  found 
possible  by  chemical  means  to  maintain  for  some  time  a 
constant  supply  of  electricity,  and  the  arrangement  em- 
ployed for  this  purpose  is  known  as  a  voltaic  cell.  It  was 
discovered  by  Yolta  (hence  the  name  voltaic)  that  if  a 
strip  of  copper  and  a  strip  of  zinc  be  placed  in  a  vessel 
containing  dilute  sulphuric  acid,  and  connected  by  a  wire, 
then  a  current  of  electricity  is  maintained  through  the 
wire.  This  arrangement  (Fig.  94)  is  the  simplest  form  of 
voltaic  cell,  and  we  have  now  to  consider  the  explanation 
of  its  action. 

As  to   the  two   metals,  zinc   and  copper,  the  essential 
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chemical  difference  between  them  is  that  zinc  is  more  easily 
oxidised  than  the  copper,  that  is,  zinc  has  a  greater  attrac- 
tion for  oxygen  than  copper  has. 
Again,  consider  the  liquid  in  which 
the  metals  are  placed, — it  is  practically 
acidulated  water, — and  therefore  its 
molecules  are  principally  water  mole- 
cules containing  two  atoms  of  hydrogen 
and  one  of  oxygen.  Now,  it  is  sup- 
posed that  the  atoms  of  any  one  mole- 
cule are  not  always  the  same,  but  are 
continually  changing,  that  is,  there  is 
a  constant  interchange  of  atoms  among 
the  molecules,  and  thus  there  are  in- 
p  9Ji  stants  at  which  a  given  oxygen  atom 

in  passing  from  one  molecule  to  anottter 
is  free,  or  dissociated  from  the  molecules  of  the  liquid. 
Hence,  considering  the  immense  number  of  molecules  in 
the  liquid,  it  is  evident  that  there  must  always  be  a  large 
number  of  dissociated  atoms  present. 

Now  both  zinc  and  copper  attract  oxygen  atoms,  and 
when  placed  in  the  liquid  these  metals  attract  all  dis- 
sociated oxygen  atoms  coming  within  the  range  *  of  their 
attraction.  In  this  way  both  the  copper  and  the  zinc 
attract  the  oxygen  atoms  in  the  liquid,  but  the  attraction 
of  the  zinc  is  greater  than  that  of  the  copper.  Now  there 
is  a  good  deal  of  evidence  in  support  of  the  hypothesis  that 
all  atoms  are  charged,  some  positively  and  some  negatively ; 
oxygen  is  supposed  to  be  electro-negative,  that  is,  its  atoms 
are  supposed  to  be  negatively  charged,  and  hydrogen  is  the 
type  of  the  electro-positive  elements. 

Hence,  as  the  metals  combine  with  the  attracted  oxygen 
atoms,  they  become  negatively  charged,  and  soon  repel  the 
free  oxygen  atoms  electrically,  as  strongly  as  they  attract 
them  chemically.  Equilibrium  is  thus  quickly  attained, 
and  both  metals  are  negatively  charged ;  but  the  attraction 
of  the  zinc  for  oxygen  being  much  greater  than  that  of  the 

*  The  range  of  this  molecular  attraction  is  very  small— perhaps 
about  the  ten-millionth  part  of  a  millimetre. 
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copper,  the  charge  on  the  zinc  is  greater  than  that  on  the 
copper. 

So  far,  then,  the  effect  of  immersing  the  metals  in  the 
acid  is  to  charge  both  negatively,  but  the  zinc  to  a  greater 
degree  than  the  copper,  which  is  thus  at  a  higher  (positive) 
potential  than  the  zinc.  Hence,  if  the  two  metals  be  now 
joined  by  a  piece  of  wire,  positive  electricity  at  once  flows 
from  the  copper  to  the  zinc,  or  negative  electricity  flows 
from  the  zinc  to  the  copper,  and  the  equilibrium  in  the  cell 
is  at  once  destroyed.  The  zinc  plate  becomes  less  strongly 
charged  with  negative  electricity,  and  therefore  again 
attracts  adjacent  oxygen  atoms,  while  the  copper  plate 
becomes  more  strongly  charged  with  negative  electricity, 
and  therefore  repels  instead  of  attracting  the  free  oxygen 
atoms  near  it.  In  this  way  a  continuous  current  of  negative 
electricity  is  maintained  from  the  zinc  through  the  wire  to 
the  copper,  and  back  to  the  zinc  through  the  liquid,  as  a  sort 
of  convection  current  of  negatively  charged  oxygen  atoms. 
Similarly,  by  considering  zinc  to  repel  hydrogen  less  than 
copper  dots,  we  may  consider  the  current,  as  a  flow  of  positive 
electricity  from  the  copper  through  the  wire  to  the  zinc,  and 
back  to  the  copper  through  the  liquid,  as  a  convection 
current  of  positively  charged  hydrogen  atoms.  Since  the 
flow  of  oxygen  atoms  through  the  liquid  in  one  direction 
necessarily  implies  a  flow  of  hydrogen  atoms  in  the  opposite 
direction,  this  explanation  of  the  action  of  a  voltaic  cell 
points  to  the  fact  that  a  current  possibly  consists  in  a 
transfer  of  positive  and  negative  electricity  in  opposite 
directions.  It  is,  however,  usual  to  consider  only  the 
"  positive  current,"  and  the  current  is  said  to  travel  in  the 
direction  in  which  positive  electricity  is  supposed  to  be 
carried.  Thus,  in  the  simple  cell  shown  above,  the  current, 
starting  from  the  copper  plate,  passes  round  its  circuit 
through  the  wire  to  the  zinc  plate,  and  then  through  the 
liquid  back  to  the  copper  plate.  The  copper  plate  is  called 
the  positive  pole  of  the  cell,  and  the  zinc  plate  the  negative 
pole ;  in  the  wire  or  external  circuit  of  the  cell,  the  current 
passes  from  the  copper  to  the  zinc,  or  from  the  positive  to 
the  negative  pole,  while  in  the  liquid  or  internal  circuit  it 
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passes  from  zinc  to  the  copper,  or  from  the  negative  to  the 
positive  pole. 

The  metals  here  used  as  the  elements  of  the  cell  are 
copper  and  zinc,  but  any  two  substances  which  attract 
oxygen  to  markedly  different  extents  may  be  employed — 
thus  zinc  and  platinum,  zinc  and  carbon,  copper  and  carbon, 
zinc  and  silver,  iron  and  platinum,  and  many  other  pairs 
of  substances,  act  more  or  less  efficiently  as  the  plates  of  a 
voltaic  cell.  In  fact,  if  the  metals  be  arranged  in  order  of 
their  chemical  affinity  for  oxygen,  and  any  two  of  the  series 
be  chosen  as  the  elements  of  a  cell,  the  efficiency  of  the  cell 
will  be  greater  the  further  apart  these  metals  are  in  the 
series.  Thus,  the  following  is  a  list  indicating  decreasing 
affinity  for  oxygen,  and  from  it  we  see  that  a  cell  having 
plates  of  zinc  and  copper  is  less  efficient  than  one  having, 
say,  zinc  and  carbon  as  its  elements — further,  if  a  cell  be 
made  up  with  any  two  substances  on  the  list,  the  higher  on 
the  list,  having  the  stronger  affinity  for  oxygen,  must 
always  be  the  negative  pole  of  the  cell. 

1.  Magnesium.  6.  Copper. 

2.  Zinc.  7.  Silver. 

3.  Lead.  8.  Gold. 

4.  Tin.  9.  Platinum. 

5.  Iron.  10.  Carbon. 

The  chemical  action*  of  the  cell  should  here  be  considered. 
The  zinc  on  combination  with  the  oxygen  becomes  zinc 
oxide,  and  as  this  is  formed  it  is  acted  on  by  the  sulphuric 
acid  present,  and  zinc  sulphate  is  formed  In  this  way  the 
zinc  and  the  acid  are  used  up  and  zinc  sulphate  formed, 
the  energy  of  the  electric  current  produced  being  the 
equivalent  of  the  chemical  work  done  in  the  cell.  The 
copper  is  not  chemically  acted  on  to  any  extent. 

55.  Polarisation.  In  theory  this  simple  cell  is  quite  satis- 
factory and  should  work  well,  but  in  practice  it  is  found 

*  The  student  who  is  ignorant  of  Chemistry  should,  before  pro- 
ceeding further,  read  up  the  elementary  facts  of  the  science  from 
some  simple  text-book  such  as  Roscoe's  "  Primer  of  Chemistry." 
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that  after  working  for  a  few  minutes  its  action  is  greatly 
weakened  and  may  ultimately  stop. 

Experimental  investigation  into  the  cause  of  this  defect 
has  shown  that  it  is  due  to  the  fact  that  a  layer  of  hydrogen 
bubbles  collects  on  the  copper  plate.  This  layer  of  hydrogen 
spoils  the  action  of  the  cell  in  two  ways  :  first,  it  interposes 
a  thin  insulating  layer  in  the  path  of  the  current,  and  thus 
an  additional  resistance  is  opposed  to  the  passage  of  the 
current  round  its  circuit ;  second,  the  hydrogen  bubbles 
attached  to  the  copper  plate  attract  the  oxygen  atoms  in 
the  liquid  even  more  strongly  than  the  zinc  plate  does,  and 
thus  the  layer  of  gas,  acting  in  combination  with  the  zinc 
plate,  opposes  the  action  of  the  zinc  and  copper  plates.  In 
fact  the  action  of  the  cell  is  now  of  a  double  nature — the 
zinc  and  copper  plates,  owing  to  their  different  attractions 
for  oxygen,  cause  a  current  to  travel  in  the  external  circuit 
from  the  copper  to  the  zinc ;  in  a  precisely  similar  way,  the 
hydrogen  layer  and  the  zinc  plate,  by  virtue  of  their  different 
attractions  for  oxygen,  tend  to  produce  a  current  in  the 
external  circuit  from  the  zinc  to  the  hydrogen,  that  is,  in 
the  opposite  direction  to  that  due  to  the  zinc  and  copper 
plates.  In  this  way  the  total  current  produced  by  the  cell 
is  greatly  diminished,  and  may  be  stopped  altogether  if  the 
hydrogen  be  allowed  to  accumulate  to  such  an  extent  as  to 
interpose  a  completely  insulating  layer  in  the  circuit. 

This  defect  in  the  action  of  the  cell  is  known  as  polarisa- 
tion, and  the  various  modifications  of  Volta's  simple  cell 
have  been  devised  with  the  intention  of  removing  this 
defect  as  completely  as  possible. 

56.  Various  Forms  of  Cells.  The  most  obvious  method 
of  preventing  polarisation  is  to  remove  the  layer  of  hydro- 
gen bubbles  mechanically.  Thus,  if  the  copper  plate  be 
repeatedly  brushed,  the  cell  continues  to  act  satisfactorily, 
and  does  not  become  polarised.  This,  however,  is  a  trouble- 
some method,  and  Smee  was  the  first  to  suggest  an  improve- 
ment. He  constructed  a  cell  having  a  platinised  silver 
plate  instead  of  a  copper  plate.  The  rough  surface  formed 
by  the  finely  divided  platinum  which  was  deposited  on  the 
plate  allowed  the  hydrogen  bubbles  to  escape  freely  from 
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its  numerous  sharp  points,  and  thus  polarisation  was  in  a 
great  measure  prevented  without  the  trouble  of  brushing 
the  plate. 

These  mechanical  methods  of  preventing  polarisation 
were,  however,  not  very  satisfactory,  and  it  was  next  pro- 
posed to  adopt  a  chemical  method  of  preventing  the  accu- 
mulation of  the  hydrogen  on  the  positive  plate. 

Poggendorffs  bichromate  cell  is  constructed  on  this 
principle.  It  is  made  up  with  zinc  and  carbon  elements, 
but  the  fluid — a  solution  of  potassium  bichromate  mixed 
with  strong  sulphuric  acid — is  one  which,  on  account  of  its 
powerful  oxidising  properties,  rapidly  oxidises  the  hydrogen, 
and  thus  prevents  polarisation.  Fig.  95 
shows  the  usual  form  of  the  cell — the  two 
outer  plates  shown  are  of  carbon  (gas  coke), 
and  together  form  the  positive  plate  of  the 
cell.  The  middle  plate  is  of  zinc,  and  can  be 
raised  out  of  the  liquid,  by  means  of  a  sliding 
rod  to  which  it  is  attached,  when  the  cell 
is  not  in  use.  The  plates  are  connected  to 
the  binding  screws,  a  and  b  ;  the  screw  a  is 
connected  with  both  carbon  plates,  forming 
the  positive  pole  of  the  cell,  and  6,  connected 
with  the  zinc  through  the  brass  sliding  rod, 
forms  the  negative  pole.  Hence,  when  a 
piece  of  wire  connects  a  and  b,  a  current  at 
once  passes  from  a  to  6,  but  no  current 
passes  unless  this  connection  be  made.  The 
defect  of  this  cell  is  that,  owing  to  the  action  of  the 
hydrogen  and  zinc  on  the  liquid,  the  latter  quickly  changes 
in  character  and  gradually  becomes  less  and  less  efficient, 
so  that  for  a  short  time  the  cell  gives  a  good  current, 
which  quickly  falls  off,  though  it  recovers  considerably  if 
the  cell  be  put  out  of  action  for  some  hours. 

A  more  effectual  method  of  preventing  polarisation  is 
afforded  by  the  use  of  two-fluid  cells.  The  cells  described 
above  are  all  made  up  with  one  fluid,  but  in  the  two-fluid 
cells  two  fluids  are  used,  one  to  act  on  the  zinc,  the  other 
to  deal  with  the  hydrogen  tending  to  accumulate  on  the 
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positive  plate.  The  two  fluids  are  separated  by  a  porous 
partition,  which  allows  diffusion  to  go  on,  but  prevents 
direct  mixture  of  the  liquids.  Bunsen's  cell  is  a  good 
example  of  this  class.  The  plates  are  zinc  and  carbon 
arranged  in  two  cells — the  zinc  in  an  outer  one  containing 
dilute  sulphuric  acid,  and  the  carbon 
in  an  inner  porous  cell  containing 
strong  nitric  acid.  Fig.  96  shows  the 
arrangement  and  general  appearance 
of  the  cell;  but  as  it  is  absolutely 
essential  for  the  student  to  see,  handle, 
and  work  with  these  cells,  we  shall 
not  waste  space  on  a  detailed  descrip- 
tion. The  chemical  action  in  the 
cell  is  readily  understood.  The  zinc 
acted  on  by  the  dilute  acid  gives  zinc 
sulphate  and  sets  free  hydrogen; 
thus — 

Zn   +   H.,S04  =  ZnS04   +   H2. 

Zinc)        (Sulphuric  (Zinc        (Hydrogen) 

Acid)  Sulphate) 

Possibly,  as  explained  above,  this 
reaction  takes  place  in  two  steps — 
the  first  involving  the  oxidation  of 
the  zinc  and  the  liberation  of  hydro- 
gen, and  the  second  the  formation  of  zinc  sulphate ;  thus — 

Zn  +  H20  =  ZnO  +  H2-  (1). 

(Water)      (Zinc  Oxide) 

ZnO  +  H2S04  -  ZnS04  +  H20.  (2). 

Whatever  be  the  exact  nature  of  the  reaction,  free 
hydrogen  is  certainly  liberated,  and  travels  by  alternate 
combination  and  dissociation  towards  the  positive  pole.  In 
this  cell,  however,  before  reaching  the  carbon  plate,  it  passes 
through  the  wall  of  the  porous  cell  and  meets  the  nitric 
acid.  Now  nitric  acid  being  a  strongly  oxidising  agent, 
the  hydrogen  is  rapidly  oxidised,  causing  reduction  of  the 
acid.  The  lower  oxides  of  nitrogen  resulting  from  this 
reduction  are  mostly  dissolved  in  the  acid,  and  thus  prevented 
from  escaping  into  the  air. 


Fig.  96. 


192 


CURRENT    ELECTRICITY. 


Groves  cell  (Fig.  97)  is  essentially  the  same  as  Bunsen's, 
the  only  difference  being  that  a  sheet 
of  platinum  foil  is  used  instead  of  the 
plate  of  carbon. 

DanieWs  cell  is  one  of  the  most 
familiar  .of  two-fluid  cells,  and  differs 
from  the  Bunsen.  and  Grove  cells  in 
the  fact  that  the  hydrogen  is  not  got 
rid  of  by  oxidation,  but  by  a  substi- 
tution reaction.  It  is  made  up  with 
copper  and  zinc  plates,  a'nd  the  two 
fluids  employed  are  dilute  sulphuric 
acid  (or  a  semi-saturated  solution  of 
zinc  sulphate)  and  a  saturated  solution 
of  copper  sulphate.  In  the  form  that 
the  cell  usually  takes  (Fig.  98)  the 
outer  cell  is  of  copper  and  forms  the 
Fig.  97.  positive  plate  of  the  cell.  This  cell 

contains  the   copper  sulphate,  and  is 

usually  fitted  with  a  ledge,  on  which  a  quantity  of  crystals 
are  placed,  which  serve  to  keep  the  solution  saturated.  The 
zinc  plate  or  rod  is  fitted  by  means  of  a  wooden 
stopper  into  the  inner  porous  cell,  which 
contains  the  acid  or  solution  of  zinc  sulphate. 
The  action  of  the  cell  is  as  follows  :  first  in 
the  inner  cell  the  zinc  and  dilute  acid  act  on 
one  another  so  as  to  give  zinc  sulphate  and 
free  hydrogen  — 

Zn  +  H2S04  =  ZnS04  +  H2. 

This  free  hydrogen  passes  from  molecule 
to   molecule  through   the   acid   towards  the 
copper,  until  it  meets  the  porous  cell  wall. 
Here   it  soon   encounters   a   molecule  of  copper   sulphate 
(CuS04)  and  at  once  displaces  the  copper;  thus  — 


H2  +  CuS04  =  HSSO« 

(Copper  Sulphate) 


Cu. 

(Copper) 


The  displaced  copper  atom  then  travels  from  molecule  to 
molecule,  until  it  reaches  the  copper  plate  on  which  it  is 
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deposited.  Hence,  instead  of  a  layer  of  hydrogen  forming 
on  the  plate,  a  thin  film  of  pure  copper  is  deposited  on  it, 
and  as  a  consequence  no  polarisation  results,  for  the  copper 
Him  is  an  excellent  conductor,  and  being  of  the  same 
material  as  the  plate  on  which  it  is  deposited,  there  is  no 
tendency  to  set  up  an  opposin-g  current. 

The  Leclcmclie  cell  '(Fig.  99)  is  a  convenient  cell  now 
UH'.itly  used  ;  its  elements  are  zinc  and  carbon.  The  zinc, 
in  the  form  of  a  rod,  is  placed  in  the  outer  cell  in  a  solution 
of  ammonium  chloride,  and  the  carbon  in  the  inner  porous 
cell  is  packed  round  with  black  oxide  of  manganese  and 
pieces  of  carbon.  The  solution  of  ammonium  chloride 
arts  on  the  zinc,  producing  a  double 
chloride  of  zinc  and  ammonium,  and 
liberating  ammonia  gas  and  hydrogen. 
The  hydrogen,  on  penetrating  into  the 
inner  cell,  is  slowly  oxidised  by  the 
manganese  dioxide.  This  oxidising 
action  goes  on  very  slowly,  so  that  if 
the  cell  is  worked  for  some  time  it 
becomes  partially  polarised,  but  gra- 
dually recovers  if  left  to  itself. 

57.  Electromotive  Force.  In  the 
description  given  above  it  has  been 
stated  that  on  joining  the  copper  and 
zinc  of  Volta's  simple  cell  by  a  con- 
ducting wire,  a  current  of  positive  electricity  flows  from 
the  copper  to  the  zinc  in  the  external  circuit,  because 
the  copper  is  at  a  higher  positive  potential  than  the  zinc. 
That  is,  the  flow  is  due  to  the  difference  of  potential  of 
the  plates  of  the  cell,  and  this  difference  of  potential,  to 
which  the  current  is  due,  is  the  measure  of  the  electro- 
motive force  of  the  cell.  Generally  defined,  electromotive 
force  *  is  whatever  causes  motion  of  electricity.  Differ- 
ence of  potential  is  an  electromotive  force,  but  it  is  not 
the  only  one.  Just  as  the  difference  of  potential  energy, 

*  The  term  force  is  used  from  analogy  to  mechanical  force,  which 
causes  motion  of  matter,  but  it  does  not  imply  that  electromotive 
force  is  a  force  in  the  dynamical  sense  of  the  term. 
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due  to  difference  of  level  in  a  liquid,  produces  flow  of 
the  liquid,  so  difference  of  potential  causes  flow  of  electri- 
city ;  but  a  flow  of  liquid  can  be  produced  by  other  means 
than  by  the  aid  of  difference  of  level,  for  example,  by  the 
use  of  a  force  pump ;  so  with  electricity  a  current  may  be 
produced  without  being  primarily  due  to  difference  of 
potential.  Now,  a  voltaic  cell  of  any  kind  is  practically  an 
electricity  pump,  the  seat  of  its  electromotive  force  lying  in 
the  unexplained  attraction  of  zinc  (or  other  electropositive 
metal)  for  oxygen  ;  and  when  the  circuit  of  the  cell  is  com- 
plete this  electromotive  force  drives  a  current  of  electricity 
round  it,  but  if  the  circuit  is  incomplete,  then  the  cell  works 
until  a  difference  of  potential  is  set  up  at  its  poles  which  is 
equivalent  to  the  electromotive  force  to  which  it  is  due. 
Hence,  when  the  circuit  of  a  cell  is  open,  that  is,  when  its 
poles  are  not  connected  by  a  conductor,  the  difference  of 
potential  between  the  poles  measures  the  electromotive  force 
of  the  cell ;  but  if  the  circuit  is  closed,  then  the  electromo- 
tive force  is  spent  in  driving  the  current  round  the  circuit 
and  cannot  therefore  set  up  a  difference  of  potential  equal 
to  itself  between  the  poles  of  the  cell.  The  action  of  the 
cell  will  probably  be  more  easily  under-stood  by  con:?>i<lerin£ 
tte  following  hydrostatic  analogy.  Let  A  B  C  D  (Fig.  100) 


represent  a  circuit  of  pipes  filled  with  water,  and  having  a 
stopcock  at  T,  and  a  small  paddle-wheel  at  W.  By  rotating 
the  paddle  wheel  the  water  can,  when  T  is  open,  be  driven 
round  the  circuit  in  the  direction  CDAB  ;  but  if  T  is  closed, 
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then  no  current  can  be  produced,  but  the  water  is  driven 
into  the  tube  DA,  until  the  pressure  due  to  the  difference 
of  level  in  the  tubes  DA  and  CB  is  sufficient  to  balance  the 
force  exerted  by  the  driving  wheel  at  W.  The  left-hand 
drawing  in  Fig.  100  indicates  this  case,  and  the  difference  of 
level,  E,  is  a  measure  of  the  driving  force  of  the  paddle 
wheel.  When,  however,  the  cock  T  is  opened  and  a  current 
established  in  the  circuit,  the  levels  in  the  tubes  DA  and 
CB  change  in  the  way  shown  in  the  right-hand  drawing  of 
the  figure,  and  the  difference  of  level  in  the  vertical  tubes  is 
now  considerably  reduced.  The  work  done  by  the  paddle 
wheel  is  now  spent  in  driving  the  current  of  water  round 
the  circuit,  and  the  difference  of  the  levels  at  A  and  B  (e)  is 
a  measure  of  that  portion  of  the  driving  force  of  the  wheel 
which  is  spent  in  driving  the  current  through  the  tube  AB. 
Now  this  hydrostatic  arrangement  roughly  illustrates  the 
action  of  a  voltaic  cell — the  pressure  exerted  by  the  paddle 
wheel  at  W  corresponds  to  the  electromotive  force  of  the 
cell ;  arid  if  AB  represent  the  external  portion  of  the  circuit, 
the  difference  of  levels  at  A  and  B  represents  the  difference 
of  potential  at  the  poles  of  the  cell.  Hence,  we  see  that 
when  the  circuit  is  open  and  no  current  flows,  the  potential 
difference  at  the  poles  is  a  measure  of  the  electromotive 
force  of  the  cell ;  but  when  the  circuit  is  closed,  it  is  only  a 
measure  of  that  portion  of  the  electromotive  force  which  is 
spent  in  driving  the  current  through  the  external  portion  of 
the  circuit.  Further,  the  work  done  in  driving  the  paddle 
represents  the  chemical  work  done  in  the  cell,  and  the  energy 
of  the  current  of  water  which  is  equivalent  to  the  work 
done  on  the  wheel  corresponds  to  the  energy  of  the  electrical 
current  resulting  from  the  chemical  work  done  in  the  cell. 
If  the  tubes  A  B  C  D  be  filled  with  small  shot,  the  analogy  to 
an  electric  circuit  will  be  more  complete,  for  the  shot  may  bo 
taken  to  represent  the  molecules  of  %the  conductors  com- 
posing the  circuit,  and  the  resistance  which  they  offer  to  tho 
current  of  water  corresponds  to  the  electrical  resistance 
which  even  the  best  conductors  offer  to  the  passage  of 
electricity  through  their  substance.  Moreover,  just  as  in 
one  case  the  energy  of  the  stream  of  water  is  spent  in  doing 
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work  against  the  friction  of  the  shot,  so,  in  the  case  of  an 
electric  circuit,  the  energy  of  the  current  is  expended  in 
doing  work  against  molecular  friction,  and  in  both  cases 
transformation  of  energy  takes  place  and  the  energy  of  the 
current  is  dissipated  as  heat  in  the  circuit. 

Considering  the  question  of  electrical  resistance  intro- 
duced above,  it  is  evident  that  from  its  assumed  nature 
the  resistance  of  a  given  conductor  will  vary  with  the  sub- 
stance of  the  conductor,  and  also  with  its  dimensions. 
Thus,  similar  conductors  of  different  material  will  have 
different  resistances,  and  for  a  given  material  the  resistance 
will  vary  with  the  length  of  substance  which  the  current 
has  to  traverse,  and  with  the  area  of  cross  section  of  the 
path  along  which  it  travels.  The  greater  the  length  tra- 
versed the  greater  the  resistance  offered  to  the  current,  but 
the  greater  the  cross  section  of  the  conductor  the  smaller 
the  resistance,  for  if  the  hydrostatic  analogy  holds,  the  re- 
sistance will  be  less  for  a  wide  than  a  narrow  path.  Now, 
an  essential  part  of  every  circuit  is  the  cell  itself,  and  from 
what  has  been  said  it  is  evident  that  the  resistance  of  the 
cell  is  that  offered  by  the  layer  of  liquid  or  liquids  between 
the  two  plates,  and  must  therefore  depend  upon  these  plates 
and  their  distance  apart — the  larger  the  plates  and  the 
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nearer  they  are  together  the  smaller  will  be  the  resistance. 
The  arrangement  of  the  plates  in  Figs.  95-97  will  now 
be  better  understood — the  doubling  of  the  carbon  plate  in 
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Fig.  95  and  of  the  zinc  plates  in  Figs.  96,  97  not  only  adds  to 
the  compactness  of  the  cell,  but  also  by  increasing  the  size 
of  the  plates  diminishes  the  resistance  in  it  without  unduly 
increasing  its  size. 

58.  Batteries  of  Cells.  In  practice  cells  are  seldom  used 
singly,  but  usually  in  batteries  of  two  or  three,  or  more, 
suitably  connected.  Fig.  101  shows  a  battery  of  four  Bunsen 
cells  arranged  in  series;  that  is,  commencing  with  the  end 
cell  on  the  left  hand,  the  negative  pole  is  connected  to  the 
positive  pole  of  the  next  cell,  and  the  negative  pole  of  that 
cell  is  in  turn  connected  to  the  positive  of  the  third,  and  so 
on. 

The  poles  of  the  battery  are  the  free  poles  of  the  end 


Fig.  102. 

cells — Fig.  102  shows  a  similar  arrangement  of  Leclanch6 
cells  with  its  circuit  closed  by  a  wire  joining  its  poles. 

In  this  series  arrangement  the  electromotive  force  and 
the  resistance  of  the  battery  are  proportional  to  the  number 
of  cells  employed.  For  example,  if  the  battery  be  made  up 
of  five  similar  cells,  then  the  electromotive  force  of  the 
battery  is  five  times  that  of  one  cell,  and  its  resistance  is 
also  five  times  the  resistance  of  a  single  cell.  If  the  cells 
are  not  similar,  then  the  electromotive  force  of  the  arrange- 
ment is  the  sum  of  the  electromotive  forces  of  the  constituent 
cells,  and,  similarly,  the  resistance  is  the  sum  of  the  individual 
resistances  of  the  cells. 
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Another  arrangement  frequently  adopted  is  that  shown 
in  Fig.  103.     The  four  cells  shown  are  said  to  be  arranged 
"  in  parallel  "  or  "for  quantity  "- 
all  the  positive  poles  are  connected 
together  and  all  the  negative  poles 
separately,    and  the   four   cells  are 
thus  practically  converted  into  one 
cell  four  times  the  size  of  a  single 
Fig.  IDS.  ce^-    Hence,  the  electromotive  force 

of  the  combined  cells  is  the  same  as 
that  of  one,  but  the  resistance  of  the  arrangement  is  only 
one-fourth  that  of  a  single  cell.  Since  in  this  arrangement 
all  similar  poles  are  connected  together  and  practically 
made  one,  any  two  unlike  poles  may  be  taken  as  the  poles 
of  the  battery. 

59.  Local  Action.  There  is  one  point  of  some  practical 
importance  in  the  use  of  cells  which  should  here  be  noticed. 
It  is  well  known  that  ordinary  commercial  zinc  is  readily 
dissolved  by  dilute  sulphuric  acid  with  formation  of  zinc 
sulphate,  whereas  pure  zinc  is  only  very  slightly  attacked. 
Now  the  zinc  plates  used  in  cells  are  always  made  of 
ordinary  commercial  zinc,  and  would  therefore  be  quickly 
used  up  if  some  precaution  were  not  adopted  to  prevent 
their  dissolving  in  the  acid  when  the  cell  is  not  giving  a 
current.  It  is  impracticable  to  use  pure  zinc  plates,  but  it 
is  found  that  by  amalgamating  *  the  ordinary  plates  with 
mercury,  they  are  protected  from  the  action  of  the  acid, 
except  when  the  cell  is  giving  a  current.  The  chemical 
action  that  goes  on  in  a  battery  with  unamalgamated 
zincs,  when  the  circuit  is  open  and  no  current  flows,  is 
called  local  action,  and  its  energy  is  spent  in  maintaining  a 
multitude  of  small  currents.  These  circulate  between 
portions  of  the  impure  zinc  plates,  which  differ  from  each 
other,  either  chemically  or  physically,  to  such  an  extent  as 
to  act  as  the  plates  of  minute  cells.  The  energy  resulting 

*  Zinc  plates  are  readily  amalgamated  by  rubbing  them  alternately 
\vith  dilute  sulphuric  acid  and  mercury.  A  pad  of  wash-leather 
mounted  on  a  handle  may  be  conveniently  adopted  for  this  purpose, 
Very  little  mercury  should  be  used. 
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from  the  solution  of  the  zinc  in  the  acid  is  thus  wasted 
in  local  work,  and  it  is  to  prevent  this  waste  of  energy 
that  we  resort  to  amalgamation. 

60.  Voltaic  Pile  and  Crown  of  Cups.    In  investigating 
the  action  of  voltaic  cells,  Volta  constructed  an  interesting 
apparatus  known  as  the   Voltaic  pile  or  the  dry  pile.     It 
usually  takes  some  such  form  as  that  shown  in  Fig.  104, 
and  is  made  by  arranging  alternately  in  a 

pile  zinc  and  copper  discs,  separated  by  discs 
of  felt  or  flannel  soaked  in  brine ;  each  couple 
acts  as  a  small  cell,  and  if  arranged  so  that 
the  zinc  of  one  couple  is  in  contact  with  the 
copper  of  the  next,  the  pile  acts  as  a  battery 
made  up  of  a  large  number  of  separate  cells. 
Such  a  pile  may  have  a  very  considerable 
electromotive  force,  equal  to  the  sum  of  the 
individual  electromotive  forces  of  the  com- 
ponent cells,  but  its  resistance  will  also  be 
large,  so  that  it  cannot  give  a  strong  current. 
Another  arrangement  devised  by  Volta  was 
his  Crown  of  Cups, — this  was  merely  a 
battery  made  up  of  a  large  number  of  the 
simple  zinc  and  copper  cells  described  above. 

61.  Essentials  of  a  Good  Cell.     Having 
now  described  the  voltaic  cell  in  some  detail, 

it  may  be  instructive  to  consider  what  are  the  essentials  of 
a  good  cell,  and  to  notice  how  far  the  cells  described  fulfil 
the  necessary  conditions.  A  good  voltaic  cell  should  meet 
the  following  requirements  : — 

(1)  Its  electromotive  force  should  be  high  and  constant. 

(2)  Its  resistance  should  be  small. 

(3)  It  should  be  free  from  polarisation. 

(4)  It  should  give  a  constant  current  for  a  considerable 
time,  and  should  therefore  have  a  good  supply  of  suitable 
working  materials,  which  should  not  be  rapidly  exhaustible. 

(5)  No  chemical  action  should  go  on  in  it  except  when  the 
current  is  passing. 

(6)  It  should  be  convenient  and  economical  in  use. 
None  of  the  cells  described  above  fulfil  all  these  conditions, 
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but  each  of  them  fulfils  some  of  them ;  and  in  order  to 
choose  the  proper  cell  for  use  under  given  conditions,  it  is 
necessary  to  know  their  several  characteristics.  Bunsen  and 
Grove  cells  fulfil  conditions  (1)  and  (2),  and  consequently 
give  a  strong  current,  but  unless  they  are  of  large  size  the 
current  will  not  remain  constant  for  more  than  a  few  hours. 
They  emit  a  small  quantity  of  corrosive  and  suffocating 
fumes,  and  should  therefore  not  be  used  where  the  fumes 
may  give  rise  to  annoyance,  or  attack  the  metal  work  of 
instruments  or  fittings.  Daniell's  cell  has  a  constant  but 
not  very  high  electromotive  force  (rather  more  than  half 
that  of  a  Bunsen  or  Grove),  and  its  resistance  is  rather 
high,  but  when  in  good  order  it  will  give  a  constant  current 
of  medium  strength  for  a  very  long  time.  It  is  convenient 
to  use,  and  emits  no  fumes  whatever.  The  electromotive 
force  of  a  Leclanch6  cell  is  somewhat  higher  than  that  of 
a  Daniell,  and  its  resistance  is  also  higher,  but  its  current 
is  by  no  means  constant.  As  already  explained,  it  becomes 
polarised  when  in  continued  use,  but  as  it  recovers  gradually 
and  unlike  the  other  cells,  may  always  be  kept  made  up 
ready  for  use,  it  is  one  of  the  most  convenient  cells  when  a 
fairly  good  current  is  wanted  for  only  a  few  minutes  at 
a  time,  for  example,  in  ringing  an  electric  bell. 

Volta's  simple  cell  is  of  theoretical  interest  only,  and 
PoggendorfFs  bichromate  cell  is  not  greatly  used,  because, 
although  its  electromotive  force  is  high  and  its  resistance  low, 
its  current,  though  strong  at  first,  quickly  diminishes  almost 
to  zero.  Care  also  has  to  be  taken  always  to  remove  the  zinc 
out  of  the  liquid  when  the  cell  is  not  in  use,  but  Fuller's 
two-fluid  form  of  cell  is  now  much  used  in  the  Po^t  Office. 

62,  Volta's  Experiment.  In  his  study  of  the  action  of 
a  voltaic  cell  Volta  performed  the  following  experiment, 
which  is  of  historic  interest : — 

A  bar  formed  by  soldering  together  a  short  rod  of  zinc 
and  a  short  rod  of  copper  end  to  end  was  held,  say,  by  the 
copper  end  (Fig.  105),  and  the  zinc  end  was  put  in  contact 
with  the  lower  plate  of  a  condensing  electroscope. 

On  touching  the  upper  plate  of  the  electroscope,  removing 
the  bar  in  contact  with  the  lower  plate,  and  then  raising 
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the  upper  plate,  the  leaves  of  the  electroscope  were  found  to 
diverge  with  positive  electricity.  On  repeating  the  experi- 
ment with  the  bar  reversed, 
so  that  the  copper  end  is  in 
contact  with  the  lower  plate 
of  the  electroscope,  it  was 
found  on  removing  the  upper 
plate  that  the  leaves  diverged 
with  negative  electricity. 

63.  Contact  Theory  and 
Explanation.  These  results 
indicate  that  electrical  sepa- 
ration takes  place  somewhere, 
and  since  the  zinc  is  appa- 
rently charged  positively,  and 
the  copper  negatively,  Volta 
framed  the  theory  that  the 
separation  was  due  to  the 
contact  of  the  zinc  and  copper  ; 
and  on  this  and  similar  ex- 
periments subsequent  experi- 
menters have  based  the  contact  theory  of  voltaic  electricity, 
which  states  that  the  seat  of  the  electromotive  force  of  a 
voltaic  cell  lies  in  the  contact  of  the  dissimilar  metals 
employed  as  its  elements.  Modern  investigation,  however, 
goes  far  to  show  that  this  theory  must  be  abandoned — 
contact  of  dissimilar  metals  or  other  substances  does  give 
rise  to  electrical  separation,  but  not  to  the  separation  we 
have  to  deal  with  in  a  voltaic  cell.  For  metals  the  dif- 
ference of  potential  established  by  contact  may  be  ex- 
ceedingly minute  compared  with  the  electromotive  force  of 
a  cell,  and  has  been  held  to  have  little  or  nothing  to  do  with 
voltaic  currents,  in  the  ordinary  meaning  of  the  term.  The 
most  probable  explanation  of  the  action  of  a  voltaic  cell  is 
given  in  the  piececling  article,  and  an  explanation  of  the 
experiment  just  described  can  be  given  in  an  exactly  similar 
way.  Consider  a  piece  of  zinc  (Fig.  106)  surrounded  by  air 
— here,  just  as  when  immersed  in  dilute  acid,  it  attracts  the 
neighbouring  oxyyen  atoms,  but  iu  the  liquid  these  atoms, 
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Fig.  106. 


while  dissociated,  are  free  to  obey  this  attraction,  whereas 
in  air,  where  there  is  no  dissociation,  they  are  not  free  to 
C  u  do  so.  Hence,  the  oxygen  of 
H$|  the  air  tends  to  combine  with 
the  zinc,  but  is  not  free  to  do 
so;  the  negative  electricity 
of  the  zinc  however  is,  as  it  were,  under  pressure  by  the  wall 
of  negatively  charged  oxygen  atoms  surrounding  the  zinc 
and  endeavouring  to  obey  the  attraction  to  which  they  are 
subjected.  The  zinc  thus  practically  becomes  negatively 
charged,  and  its  potential  is  lower  than  that  of  the  surround- 
ing air,  but,  as  the  charge  is  due  to  molecular  attraction, 
the  slope  of  potential  up  from  the  zinc  does  not  extend 
indefinitely  into  the  surrounding  medium,  but  is  confined  to 
the  film  of  attracted  molecules  surrounding  the  zinc.  Con- 
sidering again  the  case  of  a  piece  of  copper  surrounded  by 
air,  all  that  has  been  said  applies  exactly ;  only,  since  the 
attraction  of  copper  for  oxygen  is  less  than  that  of  zinc, 
the  "  pressure  "  on  the  nega- 
tive electricity  in  the  copper 
is  less  than  in  the  zinc,  that 
is,  the  slope  of  potential  from 

the  air  to  the  copper  is  less  than  from  the  air  to  the  zinc. 
Now  if  the  pieces  of  copper  and  zinc  be  put  in  contact,  as 
in  Fig.  107,  the  negative  electricity,  being  under  greater 

pressure  in  the  zinc 
than  in  the  copper, 
at  once  flows  to  the 
leaving  the 


copper, 

zinc  positively 
charged  and  charg- 
ing the  copper  nega- 
tively, and  thus 
equalising  the  po- 
tentials of  the 
metals,  but  leaving  a  difference  of  potential  between  the 
outer  surfaces  of  the  films  of  air  surrounding  the  metals. 
Thus,  in  Fig.  108,  let  aa  represent  the  potential  of  the  air 
surrounding  the  metals  before  thev  are  out  in  contact,  and 
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let  az  and  ac  represent  the  slopes  of  potential  from  the 
air  to  the  zinc  and  copper  respectively.  On  joining  the 
metals,  however,  the  zinc  receives  a  positive  charge  (loses 
a  negative  charge)  and  the  copper  a  negative  charge,  and 
in  consequence  their  potentials  respectively  rise  and  fall  by 
the  same  amounts  *  to  the  dotted  positions  z'  and  c',  thus 
attaining  the  same  potential ;  and  as  the  slopes  of  potential 
a'  z'  and  a'  c'  remain  nearly  equal  to  az  and  ac,  a  slope 
of  potential  a'  a'  is  set  up  in  the  intervening  medium.  In 
the  case  of  a  voltaic  cell  the  intervening  medium  is  a  con- 
ductor and  not  an  insulator ;  and  therefore  instead  of  a 
slope  of  potential  being  produced  in  it  a  current  is  set 
up  through  it. 

This  experiment  of  Yolta's  is  thus  merely  an  illustration 
of  the  action  of  a  voltaic  cell  in  which  the  medium  which 
surrounds  the  plates  is  an  insulator,  and  not  a  liquid  which 
conducts  by  virtue  of  the  dissociation  which  goes  on  in  it. 
A  liquid  of  this  latter  kind  is  usually  called  an  electrolyte. 

*  Assuming  the  pieces  of  metal  to  be  of  equal  capacities. 


CHAPTER  XI. 
GENERAL  EFFECTS  OF  CURRENTS. 

64.  Introductory.  In  the  preceding  articles  we  have 
spoken  of  a  current  of  electricity  flowing  round  the  circuit 
of  a  voltaic  cell,  but  we  have  not  stated  how  this  current 
manifests  itself,  nor  how  its  existence  can  be  detected.  In 
the  cell  itself,  it  is  true,  chemical  action  indicates  the 
passage  of  a  current ;  but  as  it  is  necessary  to  be  able  to 
detect  and  even  to  measure  the  current  in  any  conductor, 
we  must  consider  whether  the  passage  of  a  current  of 
electricity  through  that  conductor  has  any  effects  which  we 
may  take  advantage  of  for  this  purpose. 

There  are  two  broad  classes  of  conductors  to  be  con- 
sidered. The  first  consists  of  those  conductors  vyhich  conduct 
electricity  like  they  conduct  heat,  with  little  or  no  permanent 
effect  on  their  physical  or  chemical  state.  The  second 
comprises  electrolytic  conductors  or  electrolytes,  in  which  the 
passage  of  current  is  accompanied  by  chemical  action. 

Of  the  first  class,  metallic  conductors  afford  typical 
examples,  and,  as  we  shall  have  to  deal  mostly  with 
conductors  of  this  kind,  we  shall  here  consider  a  few 
experiments  illustrating  the  effects  attendant  on  the  passage 
of  a  current  through  metal  wires. 

65.  Heating  Effect.  Let  the  poles  of  a  Bunsen  cell  be 
joined  by  a  short  piece  of  iron  wire  about  half  a  millimetre 
in  diameter.  When  the  connection  is  made  good,  and  the 
current  flows  through  the  wire,  it  will  be  found,  on 
holding  it  between  the  fingers,  that  it  gradually  becomes 
hot,  and  before  long  may  become  too  hot  to  touch.  This 
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proves  that  one  of  the  effects  of  passing  the  current  through 
the  wire  is  to  heat  it ;  and  by  varying  the  experiment  a 
little,  we  may  learn  something  more  of  this  heating  effect 
of  the  currents.  Let  the  piece  of  wire  joining  the  poles  of 
the  cell  be  replaced  by  a  much  thinner  piece  of  the  same 
length  and  composed  of  the  same  material.  It  will  now  be 
found  that  the  heating  effect  is  much  more  evident,  for 
the  wire  quickly  becomes  red  hot.  This  seems  to  point 
to  the  fact  that  the  heating  effect  varies  with  the  resistance 
which  the  conductor  offers  to  the  passage  of  the  current, 
for  the  only  difference  between  the  two  wires  is  one  of 
diameter ;  and  as  the  thin  wire  offers  a  much  narrower  path 
to  the  current  than  the  thick  one,  its  electrical  resistance,  as 
explained  above,  must  necessarily  be  greater.  Again,  if 
thin  wires  of  the  same  dimensions  but  of  different  material 
be  employed,  it  will  be  found  that  the  heating  effect  is 
different  for  each.  For  example,  let  short,  thin  wires  of 
copper,  iron,  brass,  and  platinum  be  tried  :  it  will  be  found 
that,  with  the  exception  of  the  copper  wire,  all  the  wires 
quickly  become  white  hot.  The  copper  wire  may  slowly 
attain  a  dull  red  heat,  and  of  the  other  three  the  platinum 
heats  most  quickly,  the  iron  next,  and  the  brass  at  nearly 
the  same  rate.  In  each  of  these  experiments  approximately 
the  same  current  is  used,  but  the  same  results  may  be 
exhibited  in  a  more  satisfactory  way  as  follows.  Take 
short  pieces  of  thick  copper  wire,  thin  copper  wire,  platinum 
wire,  iron  wire,  and  brass  wire,  and  fasten  them  end  to  end, 
so  as  to  form  one  compound  conductor.  This  is  most 
onveniently  done  by  the  help  of  small  binding  screws  of 
the  form  shown  in  the  figure.  If 
the  poles  of  a  battery  of  three  or 
four  Buiiben  cells  be  joined  by  this 
conductor,  then  precisely  the  same 
current  passes  through  each  wire  Flg'  109- 

composing  it,  but  the  heating  effect  in  each  will  be  very 
different.  The  platinum,  iron,  and  brass  wires  will,  at 
slightly  different  rates,  become  white  hot,  the  thin  copper 
wire  will  be  nearly  red  hot,  but  the  thick  copper  wire  will 
be  only  slightly  heated,  and  the  thick  brass  binding  screws 
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may  not  be  perceptibly  heated  at  all.     From  these  experi- 
ments we  may  deduce  the  following  general  results  : — 

(a)  The  passage  of  a  current  through  a  conductor  heats  it. 

(b)  For  conductors  of  the  same  material  the  amount  of 
heat    developed  in  a  conductor  by  a  given  current  varies 
with  the  resistance   of   the   conductor.     The   greater   the 
resistance,  the  greater  the  amount  of  heat  developed,  but 
further  experiment  is  necessary  to  determine  the  quantita- 
tive nature  of  the  relation. 

(c)  The  amounts  of  heat  developed  by  a  given  current  in 
similar  conductors  of  different  material  is  different.     This 
points  to  the  fact  that  electrical  resistance  varies  with  the 
material  of  the.  conductor,  and  that   the  amount  of  heat 
developed  in  it  will  be  small  or  great,  according  as  it  is 
composed  of  good  or  bad  conducting  material.     Looked  at  in 
this  way,  this  result  is  practically  the  same  as  the  preceding 
one — here  the  difference  of  resistance  is  due  to  difference  of 
material,  in  (b)  it  is  due  to  difference  in  dimensions.     As 
a  corollary  to  this  result,  it  may  be  noticed  that  copper 
appears  to  be  a  good  conducting  material,  while  brass,  iron, 
and  platinum,  though  readily  conducting  the  current,  offer 
considerable  resistance  to  its  passage. 

(d)  When  a  conductor  is  made   up  of  several  different 
parts  of  different  conducting   powers,  the  heat  developed 
in  any  portion  of  it  depends  upon  the   resistance   offered 
by  that  portion  to  the  passage  of  the  current. 

If  the  experiments  described  above  be  repeated  with, 
say,  Daniell  or  Leclanche  cells  to  supply  the  current,  the 
same  general  results  will  be  obtained,  but  the  heating 
effects  noticed  will  be  very  slight.  In  these  cases  the 
current  used  will  be  much  weaker  than  in  the  first  case, 
and  we  may  therefore  infer  that — 

(e)  The    heat   developed   in   a    given    conductor   varies 
with   the   current    used.      The  stronger  the   current,    the 
greater  the  amount  of  heat  developed,  but  the  quantitative 
nature  of  this  relation  has  yet  to  be  found. 

It  is  probable  that  the  passage  of  a  current  through 
a  conductor  affects  most  of  the  physical  properties  of  its 
material,  but  the  heating  effect  is  the  only  one  we  need 
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consider  at  present.  Its  importance  will  be  realised 
from  the  following  considerations.  Imagine  a  Bunsen 
cell  working,  with  its  poles  joined  by  a  piece  of  wire.  So 
long  as  the  cell  is  working,  chemical  energy  is  being  used 
up  in  the  cell,  and  a  question  arises  as  to  what  becomes 
of  this  energy.  The  answer  is,  that  it  produces  an 
electrical  current  which  develops  heat  in  the  circuit, 
the  amount  of  heat  energy  evolved  being  equivalent  to 
the  chemical  energy  used  up  in  the  cell,  and  thus  furnish- 
ing a  measure  of  the  energy  of  the  current.  In  this 
case,  the  circuit  is  made  up  of  the  piece  of  wire  and  the 
cell  itself :  part  of  the  heat  is  developed  in  the  wire  and 
the  remainder  in  the  cell,  for  every  conductor  which  offers 
resistance  to  the  passage  of  the  current  must  become 
heated  when  the  current  passes  through  it,  the  amount 
of  heat  developed  in  it  being  equivalent  to  the  work 
done  by  the  cell  in  driving  the  current  through  it. 

66.  Magnetic  Effects.  The  passage  of  a  current  through 
a  conductor  is  attended  by  another  effect  which  is  even  more 
noteworthy  than  the  development  of  heat.  It  is  found  by 
experiment  that  a  conductor  which  is  carrying  a  current 
has  a  magnetic  field  surrounding  it,  and  consequently 
currents  are  capable  of  influencing  magnets,  and  may  be 
employed  for  the  magnetisation  of  magnetic  substances. 

In  order  to  exhibit  the  magnetic  field  of  a  current,  let  a 
hole  be  bored  in  a  piece  of  glass 
or  cardboard,  and  let  a  wire 
carrying  a  strong  current  be 
fitted  through  it,  as  in  Fig. 
110,  with  its  length  at  right 
angles  to  the  horizontal  sur- 
face of  the  glass.  Then,  on 
sprinkling  iron  filings  over  the 
glass  and  gently  tapping,  the 
filings  at  once  arrange  them- 
selves in  curves  of  force,  tak- 
ing the  form  of  concentric 
circles  round  the  wire  as  their 
common  centre.  This  arrangement  is  shown  in  Fig.  Ill, 
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where  the  current   is   supposed  to  come  up  through  the 
centre   of  the  field,  in  a  direction  at  right  angles  to  the 
plane  of  the  paper.     The  direction  of  the  magnetic  force 
at  any  point   in  the  field  due  to 
the  current  is  thus  seen  to  be  at 
right   angles   to  the  plane  deter- 
mined by  the  direction  of  the  wire 
and  the  point  considered. 

Thus,  if  w  (Fig.  112)  denote  the 
section  of  a  wire  running  vertically 
through  the  paper,  the  direction 
of  the  magnetic  force  at  A  due 
to  a  current  down  through  the 
wire  is  along  T  T',  the  tangent 
to  the  curve  of  force  A  A'  which 
passes  through  the  point  A.  That  is,  the  direction  of  the 
force  is  at  right  angles  to  the  vertical  plane  represented 
by  the  trace  A.wA.'  passing  through  the  wire  and  the 
point  A.  If  the  current  in  the 
wire  flows  down  into  the  paper, 
the  experiment  shows  that  the 
magnetic  force  at  A  is  along  AT, 
but  if  the  current  flows  upwards, 
out  of  the  paper,  it  is  along  AT'. 
Hence,  if  a  magnetic  needle  be 
placed,  as  in  the  figure,  with  north  y 
pole  at  A,  it  is  in  the  first  case 
directed  to  the  left  and  in  the 
second  to  the  right. 

This  effect  is  more  strikingly  shown  by  an  experiment 
due  to  (Erstedt.  A  wire  carrying  a  current  is  held, 
as  in  Fig.  113,  over  a  magnetic  needle  with  its  length 
parallel  to  the  axis  of  the  needle.  The  poles  of  the 
needle  at  once  experience  the  magnetic  force  due  to  the 
current,  and  the  needle,  acted  on  by  a  horizontal  couple, 
is  deflected  out  of  the  magnetic  meridian  until  it  reaches 
a  position  of  equilibrium,  where  the  moment  of  the  couple 
due  to  the  magnetic  field  of  the  current  is  balanced  by 
the  moment  of  the  couple  due  to  the  magnetic  field  of 
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the  earth.  If  the  direction  of  the  current  be  from  north 
to  south,  then  the  north  pole  of  the  needle  is  urged  east- 
wards, but  if  the  current  flow  from  south  to  north,  the 


Fig.  113. 

north  pole  is  urged  towards  the  west.  If  the  current  pass 
below  the  needle,  then  a  consideration  of  the  conditions 
shows  that  these  effects  are  reversed.  As  it  is  somewhat 
puzzling  to  deduce  or  remember  these  results,  the  follow- 
ing rule  due  to  Ampere,  and  commonly  called  Amperes 
rule,  will  be  found  very  useful :  To  determine  the  direction 
in  which  the  north  pole  of  a  needle  will  be  urged  by  the 
magnetic  action  of  a  current,  imagine  a  man  swimming 
with  the  current  with  his  face  turned  so  as  to  look  at  the 
north  pole  considered,  then  that  pole  will  in  all  cases  be 
dejlected  towards  his  left  hand. 

Another  convenient  form  of  this  rule  is  this.  If  one 
look  along  a  conductor,  in  the  direction  in  which  the  current 
flows,  then  the  direction  in  which  a  north  pole  would  be 
urged  round  the  circular  lines  of  force  in  the  field  is  the 
same  as  that  of  the  hands  of  a  watch. 

To  consider  the  magnetising  action  of  a  current,  let  a 
wire  insulated  by  a  gutta  percha  covering  be  coiled  round 
a  bar  of  iron  or  steel  in  the  way  shown  in  Fig.  114,  and 
let  a  current  be  passed  through  the  wire.  Immediately 
the  current  is  established  the  bar  becomes  a  magnet  while 
the  current  passes.  If  made  of  steel  the  bar  remains 

May.  14 


210  CURRENT   ELECTRICITY. 

permanently  magnetised  after  the  current  is  stopped,  but 
if  made  of  iron  the  magnetisation  is  more  or  less  temporary 
according  to  the  quality  of  the  iron,  so  that  with  a  soft 
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iron   core   the   magnetisation    comes    and    goes   with   the 
current. 

This  method  is  the  most  satisfactory  for  the  magnetisa- 
tion of  steel  bars  as  permanent  magnets,  and  with  a  strong 
current  much  more  powerful  magnets  can  be  obtained  by 
this  method  than  by  any  of  the  methods  described  in  Art.  38. 

With  a  given  current  a  much  more  powerful  magnet 
can  be  obtained  while  the  current  passes  by  using  a  soft 
iron  core  instead  of  a  steel  core ;  hence,  when  ery  strong 
magnets  are  required,  soft  iron  bars  wound  with  coils  of 
wim  suitable  for  carrying  strong  currents  are  used.  These 
magnets  are  called  electromagnets,  and  are  greatly  used  in 
practical  electrical  work.  Small  electromagnets  are  also 
much  used  in  automatic  appliances,  where  rapid  magnetisa- 
tion and  demagnetisation  are  produced  by  making  and 
breaking  the  circuit  round  the  coils. 

The  polarity  of  the  bar  in  Fig.  114  is  readily  determined 
by  the  application  of  Ampere's  rule.  The  molecules  of  the 
bar,  on  experiencing  the  magnetic  field  due  to  the  current, 
tend  to  set  themselves  parallel  to  the  lines  of  force  inside 
the  coil,  and  their  north  poles  will  all  lie  to  the  left  of  a 
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person  swimming  round  the  coil  and  looking  inwards  at 
the  bar,  that  is,  the  north  pole  of  the  bar  will  be  to  his 
left  and  the  south  pole  to  his  right.  This  result  is  more 
easily  remembered  in  the  following  equivalent  form.  When 
one  looks,  end  on,  at  the  south  pole  of  the  bar,  the  current 
in  the  coil  will  be  found  to  be  flowing  round  the  bar  in  the 
same  direction  as  the  hands  of  a  watch. 

In  what  has  been  said  above  we  have  spoken  of  the 
direction  of  "the  lines  of  force  inside  the  coil,"  and  it  may 
be  well  to  consider  here  the  general  nature  of  the  magnetic 
field  due  to  a  coil  of  wire  carrying  a  current.  At  any  point 
in  the  wire  the  lines  of  force  run  round  it  in  concentric  circles, 
but  from  the  arrangement  of  the  coil,  it  is  evident  that  in 
the  interior  the  general  direction  of  the  resultant  magnetic 
force  is  parallel  to  the  axis  of  the  coil;  similarly,  in  the 
region  outside  the  coil  the  line  of  action  of  the  resultant 
force  is  also  approxi- 
mately  parallel  to  the 
axis,  but  in  a  direction 
opposed  to  that  in 
the  interior.  In  the 
spaces  between  the 
turns  of  the  coil,  how- 
ever, the  magnetic 
field  due  to  one  turn 
is  more  or  less  neutra- 
lised by  the  field  due 
to  the  adjacent  turns 
on  either  side.  Thus,  in  Fig.  115,  which  represents  a 
section  of  a  few  turns  of  the  coil,  the  general  direction 
of  the  resultant  force  in  the  interior  is  along  ab,  and  in 
the  region  outside  the  coil  along  cd,  but  at  e  and  /, 
between  the  turns,  the  field  due  to  one  turn  is  neutralised 
by  that  due  to  the  adjacent  turn.  Hence,  if  a  wire  be 
wound  in  a  coil  on  a  sheet  of  cardboard  in  the  way 
shown  in  Fig.  116,  the  magnetic  field  produced  when  a 
current  is  passed  through  the  coil  may  be  exhibited  by 
sprinkling  iron  filings  on  the  card,  and  in  accordance  with 
what  has  been  said  above  the  lines  of  force  will  have  the 
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distribution  shown  in   the  figure.     If   the  magnetic  field 
shown  here  be  compared  with  that  of  Fig.  64,  it  will  be 

found  that  the  two 
fields  are  practically 
identical,  and  there- 
fore, as  far  as 
magnetic  effect  is 
concerned,  a  conduct- 
ing helix  carrying  a 
current  is  practically 
equivalent  to  a  mag- 


Fig.  116. 


net.  The  polarity 
of  the  helix  may  be 
determined  by  Ampere's  rule  ;  remembering  that  the  north- 
seeking  pole  will  be  that  from  which  the  lines  of  force  * 
diverge,  it  is  only  necessary  to  know  the  direction  of  the 
current  in  the  coil  in  order  to  determine  the  poles. 
Thus  in  Fig.  114,  if  the  arrows  indicate  the  direction  of  the 
current,  the  lines  of  force  will  by  Ampere's  rule  have  the 
direction  indicated,  and  the  polarity  of  the  needle  will  be 
as  shown  in  the  figure.  From  this  it  will  be  seen  that 
the  rule  for  determining  the  polarity  of  a  bar  magnetised 
by  a  current  flowing  round  it  in  a  coil  applies  also  to  the 
polarity  of  the  coil  itself. 

These  results  are  strikingly  illustrated  by  an  arrangement 
known  as  the  solenoid. 
This  is  merely  a  coil 
of  wire  arranged  as 
shown  in  Fig.  117,  so 
as  to  be  capable  of 
free  suspension  in  a 
horizontal  plane  by 
pivotkig  the  terminal 

of  the  coil  in  the  small  cups  in  m  (Fig.  117).  These  cups 
can  be  filled  with  mercury,  and  a  current  passed  through 
the  coil  by  connecting  these  cups  by  means  of  the  wires, 
w  w,  to  the  poles  of  a  battery.  Immediately  the  current 

*  The  direction  of  a  line  of  magnetic  force  being  that  in  which 
a  north  pole  would  be  urged.    Art.  40. 
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passes,  the  coil  acquires  magnetic  properties,  and  being  free 
to  move,  at  once  sets  itself  in  the  magnetic  meridian.  Its 
poles  are  attracted  and  repelled  by  the  poles  of  an  ordinary 
magnet,  and  in  every  respect  the  coil  behaves  as  a  freely 
suspended  bar  magnet  would.  The  floating  battery  of 
Fig.  118  also  illustrates  these  effects  in  a  simple  and 
striking  manner.  It  con- 
sists of  zinc  and  copper 
plates  fixed  through  a  piece 
of  cork  and  carrying  a 
short  coil  of  copper  wire. 
On  floating  the  arrange- 
ment in  dilute  acid,  a 
current  passes  through  the 
coil  and  endows  it  with 
magnetic  properties.  If  the 
pole  of  a  magnet  be  pre- 
sented to  one  of  the  poles 
of  the  coil,  the  resulting 
attraction  or  repulsion  is 
at  once  made  evident  by  Fig.  ils. 

the  motion  of  the  coil. 

67.  Chemical  Effects  :  Electrolysis.  Another  important 
effect  of  the  passage  of  a  current  through  a  conductor  has 
still  to  be  noticed.  This  is  the  chemical  effect  which  is  pro- 
duced when  a  current  is  passed  through  an  electrolyte.  As 
already  noticed  in  the  theory  of  the  voltaic  cell,  the  electrical 
current  is  the  result  of  chemical  action  going  on  in  the  cell ; 
conversely,  if  an  electrical  current  be  passed  through  a  con- 
ductor capable  of  electrolytic  conduction,  then  the  passage 
of  this  current  is  attended  with  chemical  action.  Thus,  if 
the  poles  of  a  Bunsen's  cell  be  connected  to  two  pieces  of 
platinum  foil  immersed  in  water  acidulated  with  sulphuric 
acid,  the  passage  of  the  current  through  the  liquid  decom- 
poses it  into  oxygen  and  hydrogen.  These  gases  are  liberated 
separately  at  the  surfaces  of  the  pieces  of  platinum  foil — 
the  oxygen  coming  off  from  that  connected  with  the  positive 
pole  of  the  cell,  and  the  hydrogen  from  the  other.  Remem- 
bering that  the  dissociated  atoms  of  oxygen  and  hydrogen 
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in  the  liquid  are  supposed  to  be  charged  respectively  with 
negative  and  positive  electricity,  this  result  is  just  what 
should  be  expected  ;  for,  the  foil  connected  with  the  positive 
pole  of  the  cell  being  charged  positively  relative  to  that 
connected  to  the  negative  pole,  at  once  attracts  up  to  its 
surface  the  dissociated  oxygen  atoms  in  its  neighbourhood, 
and  the  dissociated  hydrogen  atoms  seek  the  other  piece. 
Thus  the  gases  are  liberated  separately  at  the  two  platinum 
terminals — oxygen  at  the  one  and  hydrogen  at  the  othei — 
and  the  current  is  maintained  through  the  liquid  by  the 
stream  of  dissociated  atoms  passing  from  one  piece  to  the 
other.  The  chemical  action  in  this  case  is  very  similar  to 
that  which  goes  on  in  a  voltaic  cell,  but  it  is  essential  to 
distinguish  clearly  between  the  two  cases.  In  the  voltaic 
cell,  the  stream  of  dissociated  atoms  is  set  up  by  a  difference 
between  the  chemical  attractions  of  the  two  cell  plates  for 
oxygen  ;  but  in  the  case  just  considered  the  platinum  plates 
used  are  exactly  similar  and  have  no  chemical  attraction 
for  oxygen  at  all,  so  that  it  is  only  on  electrifying  them  to 
different  extents,  by  putting  them  in  contact  with  the  poles 
of  a  cell,  that  the  necessary  difference  of  attraction  for  the 
dissociated  atoms  is  established,  and  a  current  thereby  set 
up.  Further,  since  in  the  voltaic  cell  the  motion  of  the 
dissociated  oxygen  atoms  is  due  to  the  greater  attraction  of 
one  of  the  plates,  tjiese  atoms  on  reaching  that  plate  com- 
bine with  it,  and  the  chemical  action  which  maintains  the 
current  goes  on.  In  the  case  here  considered,  however, 
neither  the  oxygen  nor  hydrogen  atoms  combine  with  the 
plates  to  which  they  are  attracted,  but  their  charges,  which 
they  give  up  before  liberation,  neutralise  the  charges  on  the 
plates  at  the  same  rate  as  these  charges  are  supplied  by  the 
cell  to  which  the  plates  are  connected.  In  this  way  a 
current  is  maintained  round  the  circuit,  and  the  chemical 
decomposition  produced  is  the  result,  and  not  the  cause,  of 
its  existence. 

The  chemical  decomposition  resulting  from  the  passage  of 
a  current  through  an  electrolyte  is  called  electrolysis.  The 
terminals  at  which  the  current  enters  and  leaves  the  liquid 
are  known  as  electrodes — the  positive  electrode,  or  anode, 
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being  that  connected  with  the  positive  pole  of  the  cell,  and 
by  which  the  current  enters  the  liquid ;  and  the  negative 
electrode,  or  cathode,  that  connected  to  the  negative  pole  of 
the  cell,  and  by  which  the  current  leaves  the  liquid.  The 
products  of  electrolysis  which  ap- 
pear at  these  electrodes  are  some- 
times called  ions.  An  apparatus 
in  which  the  electrolysis  of  a  given 
electrolyte  may  be  suitably  effected, 
and  by  which  one  or  both  of  the 
products  of  electrolysis  may  be 
retained  and  measured,  is  called  a 
voltameter.  Fig.  119  shows  one 
form  of  voltameter  for  the  electro- 
lysis of  water. 

The  taps  at  SS  being  open, 
acidulated  water  is  poured  into  the 
apparatus  by  the  funnel  F  until 
the  vertical  tubes  TT  are  filled. 
The  taps  are  then  closed,  and  on 
joining  the  terminals  tt  to  the 
poles  of  a  battery,  a  current  flows 
between  the  platinum-foil  electrodes 
EE,  which  are  attached  to  platinum 
wires  fused  into  the  bottom  of  the 
vertical  tubes  TT.  The  gas  liberated 
at  each  electrode  rises  in  the  tube 
in  which  the  electrode  is  fixed,  and 
collects  in  the  upper  part  of  the 
tube,  displacing  the  liquid  up  into 
the  bulb  B.  By  this  means  oxygen 
is  collected  in  one  tube,  and  hy- 
drogen in  the  other,  and  it  will 
then  be  seen  that  the  volume  of  the  hydrogen  is  approxi- 
mately twice  that  of  the  oxygen.  The  identity  of  the 
gases  may  be  verified  by  opening  the  taps  SS,  and  testing 
them  in  the  ordinary  way,  by  means  of  a  lighted  taper  and 
a  glowing  splinter  of  wood — the  hydrogen  burns  with  a  pale 
blue  flame,  and  the  oxygen  ignites  the  glowing  splinter, 


Fig.  119. 
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Many  other  substances  are  decomposed  by  the  passage 
of  a  current  through  them.  For  example,  hydrochloric  acid 
is  at  once  decomposed  into  hydrogen  and  chlorine,  the 
former  being  liberated  at  the  negative  pole  and  the  latter 
at  the  positive  pole.  A  solution  of  common  salt,  or  sodium 
chloride  (NaCl),  is  first  decomposed  into  sodium  (Na)  and 
chlorine  (Cl),  thus  : — 

NaCl  =  Na  +  Cl. 

The  chlorine  is  liberated  at  the  anode,  or  positive 
electrode;  but  the  sodium  does  not  appear  at  the  cathode, 
for  immediately  it  is  set  free  it  reacts  on  the  water  present 
in  the  solution,  forming  sodium  hydrate,  and  liberating 
hydrogen  thus: — 

Na2  +  2H20  =  2NaOH  +  H2. 

The  hydrogen  liberated  by  this  secondary  reaction  then 
appears  at  the  cathode  as  one  of  the  products  of  the  elec- 
trolysis, while  the  presence  of  the  alkaline  sodium  hydrate 
may  be  exhibited  by  means  of  litmus  solution.  For,  if  a 
small  quantity  of  reddened  litmus  be  added  to  the  solution 
before  the  electrolysis  begins,  it  will  be  found  that,  as  the 
decomposition  proceeds,  the  colour  of  the  solution  gradually 
becomes  blue,  the  blue  colour  first  appearing  in  the  neigh- 
bourhood of  the  cathode,  but  quickly  extending  throughout 
the  liquid. 

Similarly,  if  a  solution  of  sodium  sulphate  (Na2SCXt)  be 
subjected  to  electrolysis,  the  first  products  of  decomposition 
are  sodium  at  the  cathode  and  S04  at  the  anode;  but 
neither  of  these  substances  are  allowed  to  appear — the 
sodium,  as  before,  attacking  the  water  and  liberating 
hydrogen  at  the  cathode,  while  the  SO4  also  attacks  the 
water  with  formation  of  sulphuric  acid  (H2SO4)  and  libera- 
tion of  oxygen : — 

SO4  +  H,0  =  H2S04  +  0. 

Thus  the  final  results  of  electrolysis  will  be  hy  Irogen  and 
sodium  hydrate  at  the  cathode,  and  oxygen  and  sulphuric 
acid  at  the  anode.  The  gases  are  liberated,  and  the  hydrate 
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and  acid  slowly  diffuse  from  the  electrodes  through  the  liquid. 
If  the  electrolysis  be  performed  in  a  U-tube  (Fig.  120),  the 
solution  coloured  with  litmus, 
the  liquid  in  the  cathode  limb 
of  the  tube  gradually  becomes 
blue,  owing  to  the  formation  of 
the  sodium  hydrate,  while  the 
liquid  in  the  other  limb  slowly 
becomes  red,  owing  to  the  pre- 
sence of  the  free  sulphuric  acid. 

In  the  same  way  a  solution 
of  caustic  soda  or  caustic  potash 
may  be  decomposed  by  electro- 
lysis, yielding  oxygen  at  one 
electrode  and  hydrogen  at  the 
other.  Potassium  iodide  is  also  Fig  120. 

readily  decomposed,  yielding  free 

iodine  at  the  anode  and  hydrogen  at  the  cathode,  and  this 
reaction  furnishes  a  very  delicate  test  for  the  existence  of 
weak  currents.  The  free  iodine  liberated  at  the  anode 
turns  starch-paste  blue,  and  if  the  terminals  of  a  circuit  be 
placed  on  starch  iodide  paper,  the  point  at  which  the 
positive  terminal  rests  is  at  once  marked  by  a  blue  dot. 

Solutions  of  copper  sulphate  and  silver  nitrate  are  elec- 
trolytes of  some  practical  importance.  Let  two  pieces  of 
platinum  foil,  dipping  into  a  beaker  containing  a  solution 
of  copper  sulphate  (CuSC^),  be  connected  to  the  poles  of  a 
battery.  When  the  current  passes  the  liquid  is  decomposed 
into  Cu  and  S04.  The  copper,  like  all  other  metals,  appeai-s 
at  the  cathode  on  which  it  is  deposited  as  a  thin  film,  but  the 
S04,  as  described  above,  reacts  with  the  water,  producing 
sulphuric  acid  and  oxygen.  If  copper  plates  be  used  instead 
of  platinum  foil,  copper  is  deposited  on  one  plate  and  the 
SO4  attacks  the  other  plate,  forming  CuS04;  and  thus 
copper  is,  as  it  were,  carried  through  the  liquid  with  the 
current  from  one  plate  to  the  other,  and  the  average  con- 
centration of  the  solution  remains  unchanged.  Similarly, 
if  a  solution  cf  silver  nitrate  (AgN03)  be  electrolysed  by 
a  current  passing  between  two  silver  plates,  silver,  being  a 
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metal,  is  deposited  on  the  cathode,  and  the  N03  set  free 
at  the  anode  dissolves  it  with  re-formation  of  AgNOs, 
and  thus,  while  the  quantity  of  silver  in  the  solution 
remains  unchanged,  silver  is  carried  with  the  current  from 
one  plate  to  the  other. 

These  experiments  illustrate  how  electro-plating  is  effected. 
For  example,  suppose  it  is  required  to  coat  a  brass  or 
copper  spoon  with  silver,  the  result  might  be  effected  in  the 
following  simple  way.  Take  a  silver  coin,  or  a  strip  of  silver 
and  the  spoon,  and  arrange  them  as  electrodes  for  the  electro- 
lysis of  a  solution  of  silver  nitrate,  the  spoon  being  made 
the  cathode.  On  passing  the  current  a  thin  layer  of  silver 
is  deposited  on  the  spoon,  and  when  this  layer  is  sufficiently 
thick  the  spoon  may  be  removed,  and  its  surface  burnished 
so  as  to  present  the  usual  polished  appearance  of  an  electro- 
plated spoon.  In  practice,  however,  the  process  is  not  so 
simple ;  special  arrangements  have  to  be  made  to  get  a 
coherent  layer  of  silver  that  will  take  a  good  polish,  and 
the  liquid  generally  subjected  to  electrolysis  is  not  silver 
nitrate,  but  a  double  cyanide  of  silver  and  potassium. 

Most  electrolytes,  like  those  described  above,  are  liquids, 
and  this  is  quite  what  we  should  expect,  for  electrolysis  can 
only  take  place  where  dissociation  exists,  and  it  is  difficult 
to  imagine  dissociation  occurring  in  anything  but  a  fluid 
wherein  molecular  motion  is  possible.  It  is  not,  however, 
always  necessary  to  make  a  solution  of  a  salt  in  order  to 
effect  its  electrolysis,  for  many  salts,  especially  chlorides, 
when  fused  conduct  electrolytically.  Thus,  when  fused, 
silver,  magnesium,  and  aluminium  chlorides  are  readily 
decomposed  by  a  current,  the  pure  metal  appearing  at  the 
cathode.  This,  in  fact,  is  one  important  method  of  obtain- 
ing a  number  of  metals  in  a  pure  state,  and  the  metal 
potassium  was  first  discovered  by  Sir  Humphry  Davy,  by 
subjecting  the  solid  hydrate  to  electrolysis.  The  hydrate 
was  allowed  to  deliquesce  slightly,  so  as  to  become  like  a 
paste;  then,  on  passing  a  strong  current  through  it,  it 
quickly  liquefied,  and  small  globules  of  potassium  appeared 
round  the  wire  where  the  current  left  the  hydrate.  The 
metal  here  appeared  in  a  free  state,  because  there  was  not 
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sufficient  water  present  to  combine  with  all  of  it  as  it 
formed. 

68  Less  Important  Effects.  In  addition  to  the  im- 
portant effects  described  above,  currents  produce  certain 
obscure  physical  and  physiological  effects.  Thus  the 
phenomena  of  electric  osmose  and  distillation  and  electro- 
capillary  action  are  physical  effects  about  which  compara- 
tively little  is  known.  The  physiological  effects  are 
intimately  connected  with  the  nervous  organisation  of  the 
body,  but  a  consideration  of  this  subject  belongs  more  to 
physiology  than  to  electricity. 

69.  Galvanoscopes.  We  have  seen  above  that  when  a 
current  passes  near  a  magnet  it  tends  to  deflect  it  out  of 
the  magnetic  meridian,  and  that,  under  known  conditions, 
the  sense  of  the  deflection  of  the  magnet  indicates  the 
direction  of  the  current.  Any  arrangement  in  which 
advantage  is  taken  of  this  effect  to 
indicate  the  existence  of  a  current  is 
called  a  galvanoscope.  Thus,  the 
simple  arrangement  shown  in  Fig. 
121  acts  as  an  efficient  current  indi- 
cator or  galvanoscope. 

The  magnet  ns  is  freely  suspended 
inside  the  rectangular  loop  of   wire 
supported  by  the  stand  S,  and  indi- 
cates by  its  deflection  the  existence  Fig.  121. 
and   direction   of   a   current  in    the 

wire.  It  will  be  noticed  that  the  current  passing  under 
the  needle  in  one  direction  and  back  over  it  in  the  opposite 
direction  tends,  in  both  potions,  to  deflect  the  needle  in 
the  same  direction.  The  arrangement  may  be  made  more 
effective  by  coiling  the  wire  a  large  number  of  times  round 
the  needle,  and  thus  increasing  the  force  with  which  the 
current  tends  to  deflect  the  needle. 

With  a  given  current  a  thin  coil  of  twenty  turns  is  twenty 
times  as  effective  as  a  coil  of  one  turn,  for  there  are  then 
practically  twenty  currents  flowing  round  the  needle,  and 
each  one  has  an  equal  effect  in  producing  deflection.  It 
must  however  be  carefully  noticed  that  this  result  is  true 
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only  when  we  compare  the  action  of  a  given  current  in  one 
coil  with  an  equal  current  in  the  other  coil.  Fig.  122 
shows  a  galvanoscope  arranged  with  a  coil  of  several  turns. 


Fig.  122. 

As  explained  ahove  the  magnetic  field  due  to  the  eart  i 
opposes  the  deflection  of  a  magnet  by  the  magnetic 
action  of  a  current ;  hence  it  is  evident  that  if  the  cur- 
rent be  very  weak  it  may  not  be  able  to  produce  any 
appreciable  deflection  of  the  needle  of  a  galvanoscope.  To 
remedy  this  defect,  a  combination  of  two  magnetic  needles 
known  as  an  astatic  pair  is  employed.  Fig.  123  shows  the 
arrangement :  two  magnets  of 
equal  strength  and  size  are 
attached  to  a  short  piece  of 
aluminium  or  brass  wire, 
and  fixed  in  reversed  positions 
with  their  magnetic  axes 
parallel.  If  the  magnets  are 
exactly  equal  and  accurately 
fixed,  the  combination,  when 
freely  suspended,  will  set  in 
any  position,  for  the  couple  tending  to  set  one  magnet  into 
the  magnetic  meridian  is  exactly  counterbalanced  by  the 
opposite  couple  acting  on  the  other.  In  practice,  however, 
it  is  impossible  to  secure  the  exact  equilibrium  of  an  astatic 
pair ;  for  it  is  difficult  to  obtain  magnets  of  exactly  equal 
strength,  and  it  is  more  difficult  to  fix  them  accurately 
parallel  to  one  another.  Even  an  imperfectly  astatic 
needle  is,  however,  practically  free  from  the  restraining 
action  of  the  earth's  field ;  and  if  the  coil  be  arranged  so 
that  the  current  passing  through  it  tends  to  deflect  both 
poedlcs  in  the  same  direction,  a  very  sensitive  galvanoscope 
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may  be  constructed.     Fig.  124  shows  how  the  coil  may  be 


1) 


Fig.  124. 


arranged — it  may  be  wound  round  the  lower  magnet  only, 
as  shown  at  a,  or 
round  both  magnets, 
as  at  b ;  in  both  cases 
the  student  will  see, 
by  applying  Ampere's 
law,  that  the  action 
of  the  current  in  the 
coil  tends  to  deflect 
both  magnets  in  the 
same  direction.  The 
couple  opposing  the 
deflection  of  the 
needle  will  be  due  to 
the  slight  difference 
between  the  opposed 
couples  acting  on  the 
component  magnets, 
and  the  torsion  on 
the  suspension  fibre 
or  wire.  iig.  125 
shows  an  elaborate 
form  of  galvanoscope, 
with  an  astatic 
needle,  known  as  No- 
bili's  Astatic  Galva- 
nometer, though  it  is 
in  principle  a  current  indicator,  and  not  a  current  measure  r 
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as  its  name  implies.  The  coil  is  wound  round  the  lower 
needle,  and  the  upper  needle  moves  over  a  circular  scale 
graduated  in  degrees.  When  in  use,  the  torsion  head 
should  be  turned  until  the  needle  sets  with  its  length  at 
right  angles  to  the  magnetic  meridian ;  the  frame  of  the 
coil  should  be  set  accurately  parallel  to  the  needle,  and 
the  pointer  should  then  indicate  the  zero  of  the  scale. 

A  galvanoscope  of  this  kind,  in  which  the  deflection 
produced  may  be  read  off  on  a  scale,  may  be  calibrated  for 
use  as  a  galvanometer.  That  is,  by  comparing  its  indica- 
tions with  those  of  a  measuring  instrument,  a  table  of 
current  strength  corresponding  to  the  divisions  of  the  scale 
may  be  drawn  up,  and  the  current  strength  for  any  given 
deflection  may  then  be  determined  by  reference  to  this 
table. 


CHAPTER  XII. 


MAGNETIC  EFFECTS  OF  CURRENTS. 

70,  Magnetic  Field  of  a  Current.  In  Art.  66  we  have 
discussed  the  general  character  of  the  magnetic  field  due 
to  a  current.  We  must  now  consider  what  determines  the 
intensity  of  the  magnetic  field  at  any  point  in  the  neighbour- 
hood of  a  conductor  carrying  a  current. 

Let  AB  (Fig.  126)  represent  a  wire  carrying  a  current; 
then,  considering  the  field  due  to  a 
very  small  element,  ab,  it  can  be 
shown  that  the  intensity  of  the  field 
at  c  due  to  the  current  in  that  ele- 
ment is  : — 

1.  Directly    proportional    to    the 
strength  of  the  current  in  AB. 

2.  Directly    proportional    to    the 
distance  ab',  that  is,  to  the  apparent 
length   of    the   element   ab   as   seen 
from  c.     (The  line    ab'  is  drawn  at 
right   angles   to   the   line   co,  which 
joins  c  to  o,  the  middle  point  of  ab.} 

3.  Inversely   proportional    to    the 
square  of  the  distance  of  the  element 
a b  from  c,  that  is,  to  co2. 

Hence,  if  i  denote  the  intensity  of  the  field  at  c  due  to 
the  element  ab,  and  C  the  strength  of  the  current  in  AB, 
we  have — 

C  .  ab' 

^  oc  —          . 

The  direction  of  i  is  perpendicular  to  the  plane  through 
c  and  AB.  To  determine,  by  application  of  this  result,  the 
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intensity,  at  any  point  of  the  field,  due  to  a  current  in  a  con- 
ductor of  given  form  and  position,  it  is  evidently  necessary 
to  sum  up  the  effects  due  to  each  element  of  the  conductor 
considered  separately  —  the  result  of  the  summation  giving  the 
total  intensity,  at  the  point  considered,  of  the  field  due  to 
the  current  in  the  conductor  taken 
as  a  whole.  The  general  solution 
of  this  question  is  beyond  the  scope 
of  our  work,  but  there  is  one  case 
of  great  importance  which  must 
here  be  considered.  Consider  the 
conductor  ACB  to  be  looped  into 
a  circle  as  shown  in  Fig.  127,  and 
Fig.  127.  let  us  determine  the  intensity  of 

the  magnetic  field  at  c,  the  centre 

of  the  circle,  due  to  the  current  in  the  circular  conductor  AB. 

Considering  the  action  of  the  element  ab,  the  intensity  of 

the  field  due  to  this  element  is  evidently  proportional  to 

—  72  —  -,  where  C  denotes  the  strength  of  the  current  in  AB, 

and  r  the  radius  of  the  circle.  Now,  since  each  element  of 
the  conductor  is  similarly  placed  relatively  to  c,  the  intensity 
of  the  field  at  c  due  to  the  current  in  the  conductor  ACB 

C1  x  A  C  P 

taken  as  a  whole  is  proportional  to  --  -5  -  ,  that  is,  since 

AB  =  2  TT  r,  to  --  ^—  ,  or  to  -  -  .  Hence,  if  I  denote 
the  total  intensity  of  the  field  at  C,  then  — 


The  line  of  action  of  the  force  will  be  at  right  angles  to  the 
plane  of  the  coil,  and  the  direction  along  this  line  may  be 
determined  by  Ampere's  rule  when  the  direction  of  the 
current  is  known. 

Thus,  for  the  case  of  Fig.  127,  the  direction  of  the  force, 
that  is,  the  direction  in  which  a  north  pole  would  be  urged, 
is  upwards,  towards  the  reader,  along  the  normal  to  the 
plane  of  the  paper  at  c. 


MAGNETIC    EFFECTS    OF    CURRENTS. 


225 


If  the  circular  coil  AB  consist  of  n  turns  (sufficiently 
thin  to  be  regarded  as  coincident)  instead  of  one,  then,  since 
the  current  passes  n  times  round  the  coil,  the  intensity  of 
the  field  will  be  n  times  as  great  as  for  one  turn,  that  is — 

^~- 

where  r  is  as  before  the  radius  of  the  coil,  and  C  the  current 
in  it.  Fig.  128  shows  roughly  the  lines  of  force  for  the 
magnetic  field  inside  a  coil  of 
wire  carrying  a  current,  and  it 
should  be  noticed  that,  within 
a  small  space  near  the  centre  of 
the  coil,  the  field  is  practically 
uniform  (Art.  40),  that  is,  the 
lines  of  force  are  approximately 
parallel  equidistant  straight  lines. 
These  results  may  be  readily 
verified  experimentally  by  looping 
a  long  thin  wire  carrying  a  con- 
stant current  successively  into  a 
number  of  coils  varying  in  size  and 
number  of  turns,  and  comparing  the  magnetic  fields  produced 
at  the  centre  of  each  coil.  This  may  be  done  by  noting  in  each 
case  the  number  of  oscillations  performed  by  a  small  needle 
placed  at  the  centre  of  the  coil.  Care  must  be  taken  to 
arrange  the  plane  of  the  coils  at  right  angles  to  the  mag- 
netic meridian,  so  that  the  field  due  to  the  current  may  be 
parallel  to  that  due  to  earth ;  then,  for  example,  if  the 
needle  make  20  vibrations  per  minute  when  vibrating  in 
the  earth's  field  only,  and  25,  30,  and  40  respectively  when 
vibrating  at  the  centre  of  three  different  coils,  then  the 
intensities  of  the  three  fields  due  to  the  current  in  the  coils 
are  as  (252-202) :  (302-202) :  (402-202),  that  is,  as  225  : 
500 :  1200,  or  as  9  :  20 :  48.  Results  obtained  in  this  way 

will  be  found  to  verify  the  statement  that  I  oc  —     — ,  and 

it  should  here  be  noticed  that  by  proving  the  field  for  n 
turns  of  a  current  C  to  be  n  times  the  field  for  one  turn, 


Fig.  128. 
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we  practically  prove  that  I  oc  C,  for  n  turns  of  a  current  C 
are  practically  equivalent  to  one  turn  of  a  current  nG  ;  and 
if  by  increasing  the  current  n-fold  the  magnetic  field  is 
also  increased  w-fold,  then  I  oc  C. 

A  slight  extension  of  the  results  obtained  above  shows 
that  the  intensity  of  the  field  at  any  point  on  the  axis  of 
a  thin  coil  of  n  turns,  at  a  distance  x  from  the  centre  of 
the  coil,  is  proportional  to  — 


where  C  denotes  the  current  in  the  coil. 

For,  by  the  law  given  above,  the  intensity  of  the  magnetic 
field  at  any  point  on  the  axis  of.  the  coil,  due  to  a  small 
element  of  the  coil,  is  proportional  to  — 

ZC     . 
(f  +  O 

where  I  is  the  length  of  the  small  element,  r  the  radius  of 
the  coil,  and  x  the  distance  of  the  point  on  the  axis  from 
the  centre  of  the  coil.  The  direction  of  this  force  is  at  right 
angles  to  the  plane  passing  through  the  given  point  on  the 
axis  and  the  element  of  the  coil,  and  its  component  along 
the  axis  of  the  coil  is  therefore  proportional  to  — 


The  total  resultant  force  along  the  axis  is  got  by  summing 
up  the  effects  of  all  the  elements  of  the  coil,  that  is,  by 
substituting  for  I  the  total  length  of  the  coil  ;  hence  the 
resultant  intensity  along  the  axis  is  proportional  to  — 


Evidently,  when  x  =  o  this  expansion  reduces  to  -       — , 

the  result  obtained  above  for  the  intensity  at  the  centre 
of  the  coil. 

A  further  extension  of  this  result  shows  that  the  in- 
tensity of  the  magnetic  field  in  the  interior  of  a  coil  similar 
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to  that  shown  in  Fig.  114,  but  closely  wound,  is  approxi- 
mately proportional  to  — 

4  TT  n  0, 

where  n  denotes  the  number  of  turns  per  unit  length  of  the 
coil,  and  C  the  current  flowing  in  it.  The  magnetic  field 
in  the  interior  of  such  a  coil  is  practically  uniform  except 
near  the  ends. 

71.  Electromagnetic  Unit  of  Current  Strength.  It  is 
evident  from  the  preceding  article  that  we  may  compare 
the  strengths  of  current  by  comparing  the  intensities  of  the 
fields  which  they  produce  at  the  centre  of  a  given  coil. 
For  if  the  same  coil  be  used  for  different  currents,  then,  in 

the  relation  I  oc  —      —  ,  n  and  r  are  constants   and  C  is 

the  only  variable,  and  we  have  I  oc  C  or  C  oc  I. 

In  order  to  measure  a  given  current  absolutely,  however, 
it  is  necessary  to  decide  upon  a  unit  of  current  strength. 
This  is  most  conveniently  done  by  adopting  a  unit  such 


that  the  relation  I  oc  -     may    be    written    as    an 

equality,  thus  — 

2irnO 
-  T— 

That  is,  unit  current  is  that  current  which,  flowing  in  a 
single  coil  of  unit  radius,  produces  a  magnetic  field  of  2ir 
units  of  intensity  at  the  centre  of  tJte  coil.  For,  from  the 
relation  given  above  — 


and  if  I=27r  units,  r  be  of  unit  length,  and  n  =1,  then—  • 


that  is,  the  current  is  of  unit  strength. 

This  definition  is  perhaps  more  neatly  expressed  by  saying 
that  unit  current  is  that  current  which,  flowing  in  an  arc  of 
unit  length  and  unit  radius,  produces  a  magnetic  field  of  unit 
intensity  at  the  centre  of  the  arc.  If  it  be  remembered  that 
a  single  complete  coil  of  unit  radius  contains  2?r  arcs  of 
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unit  length,  it  will  be  seen  that  the  two  definitions  are 
identical.  If  the  unit  of  length  be  the  centimetre,  and  the 
unit  of  force  the  dyne,  then  the  unit  of  current  defined 
above  is  known  as  the  absolute  electromagnetic  unit  of  current 
(Strength,  and  is  equal  to  10  amperes.* 

72.  Galvanometers.  Speaking  generally,  galvanometers 
may  be  divided  into  two  classes. 

1.  Instruments    adapted    for    exact     measurement    of 
current.     Of  this  class  the  tangent  and  sine  galvanometers 
are  the  best  types. 

2.  Instruments    constructed    so   as  to   secure   extreme 
sensitiveness.     Galvanometers  of  this  class  are  not  suitable 
for  the  measurement  of  current,  but  they  are  the   most 
useful    instruments    in    the    general    work    of    electrical 
measurement,  where  it  is  often  more  essential  to  have  a 
sensitive  instrument  capable  of  indicating,  and  if  necessary 
measuring,  the  feeblest  current,  rather  than  one  capable  of 
exact  measurement  of  current  generally. 

The  general  principle  of  the  action  of  all  galvanometers 
depends  upon  the  effect  of  the  current  in  a  coil  of  wire  on 
a  magnetic  needle  freely  suspended  at  the  centre  of  the 
coil.  When  no  current  passes  the  needle  sets  in  the 
magnetic  meridian,  and  the  plane  of  the  coil  should  also 
be  in  the  magnetic  meridian,  that  is,  the  needle  should 
set  with  its  length  in  the  plane  of  the  coil.  Then,  on 
passing  a  current  through  the  coil,  the  direction  of  the 
magnetic  field,  due  to  the  current,  being  at  right  angles 
to  the  plane  of  the  coil,  tends  to  deflect  the  needle  out  of 
the  magnetic  meridian,  and  sets  it  in  such  a  position  that 
the  moment  of  the  couple  due  to  the  field  of  the  current  is 
balanced  by  the  moment  of  the  opposing  couple  due  to  the 
field  of  the  earth.  The  magnitude  of  this  deflection  is 
directly  connected  with  the  strength  of  the  current,  and  by 
noting  its  value  it  is  possible  with  a  properly  constructed 
instrument  to  obtain  a  measure  of  the  current. 

From  this  it  is  evident  that  the  essential  parts  of  any 
galvanometer  are  (a)  a  coil  of  wire,  (b)  a  magnetic  needle 
freely  suspended  at  the  centre  of  the  coil,  and  (c)  a  scale  on 
which  the  deflection  of  the  needle  may  be  read,  We  shall 
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now   describe   the   forms  of  galvanometer  most  generally 

used;   these  are  the  Tangent  and  Sine  galvanometers  and 

Thomsons  mirror  or  reflecting  galvanometer. 

73.  The   Tangent  'Galvanometer.      A   simple  form  of 

tangent  galvanometer  is  shown  in  Fig.  129.     The  needle. 

which  may  "be  suspended  or  pivoted  at 

the  exact  centre  of  the  coil,  is  very 

short,  and  carries  a  light  wire  pointer 

moving   over   a   circular   scale.      The 

needle  and  scale  are  enclosed  in   the 

shallow  cylindrical  box  B  by  a  glass 

cover,     and     the     arrangements     for 

accurately   reading   the    deflection   of 

the  needle  are  exactly  those  described 

in  Art.  47  in  connection  with  the  ap- 
paratus   of    Fig.    88,    which    may   be 

taken    to    represent    the    needle   and  Fig<  139, 

scale  of  a  tangent  galvanometer. 

The  coil  of  carefully  insulated  copper  wire  is  wound 
round  the  frame  C,  and  the  ends  of  the  wire  are  brought 
out  under  the  base  of  the  instrument  and  connected  to  screw 
terminals  fixed  in  the  base-board.  Most  instruments,  how- 
ever, are  usually  fitted  with  several  coils  of  different  lengths 
wound  on  the  same  frame,  but  the  ends  of  each  coil  are 
connected  to  the  terminal  screws  in  such  a  way  that  any 
one  coil  may  be  used  separately,  or  any  two  or  more  com- 
bined into  one  by  choosing  the  proper  screws  as  terminals. 

Thus,  in  Fig.  129,  if  the  screws  a  and  b  are  taken,  as  terminals 
the  current  passes  only  through  the  coil  joining  them ;  but 
if  the  screws  a  and  c  are  taken,  then  the  current  passes 
through  the  coil  joining  a  and  b,  and  also  through  that 
joining  b  and  c.  Similarly,  if  a  and  d  be  taken,  the  current 
passes  through  the  coils  a  to  b,  b  to  c,  and  c  to  d.  Three 
coils  are  sufficient  for  ordinary  purposes — one  consisting  of 
a  single  turn  of  thick  copper  wire,  a  second  of  a  number 
of  turns  of  wire  of  medium  thickness,  and  a  third  composed 
of  a  large  number  of  turns  of  thin  wire.  To  adjust  the 
galvanometer  for  use  it  is  carefully  levelled,  and  the  plane 
of  the  coil  adjusted  in  the  magnetic  meridian.  The  needle 
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then  lies  in  the  plane  of  the  coil,  and  the  ends  of  the  pointer 
should  point  to  the  zeros  of  the  scale.  To  eliminate  errors 
due  to  inaccurate  adjustment  of  the  needle  and  pointer,  both 
ends  of  the  pointer  should  be  read,  and  the  deflection  taken 
first  on  one  side  of  the  zero,  and  then,  by  reversing  the 
current  in  the  coil,  on  the  other  side.  The  mean  of  the 
four  readings  thus  obtained  gives  the  true  value  of  the  de- 
flection. The  coil  to  be  used  in  any  given  case  must  be 
chosen  in  accordance  with  principles  to  be  discussed  in 
the  next  chapter,  but  it  will  be  readily  understood  that 
to  prevent  injury  to  the  instrument  all  very  strong  cur- 
rents should  be  sent  through  the  single  coil  of  stout  wire. 

We  have  now  to  consider  the  theory  of  the 
'N  instrument  in  order  to  establish  a  relation 

between  the  strength  of  a  current  and  the 
magnitude  of  the  deflection  produced  by  it. 

Let  Fig.  130  represent  a  horizontal  section 
of  coil  in  the  plane  of  the  needle.  The  plane 
of  the  coil  is  supposed  to  lie  in  the  magnetic 
meridian  NS,  at  right  angles  to  the  plane  of 
the  paper,  the  sections  at  CO  representing 
the  cut  ends  of  the  coil,  and  ab  the  needle  in 
F<~~Hv  *ts  ^fleeted  posit*011-  For  the  sake  of  clear- 

drfeg — *&   ness  the  length  of  the  needle  is  here  shown 
much  longer  than  it  should   be  relative  to 
LH          the  diameter  of  the  coil :  it  should  be  com- 
paratively short,  so  that  in  all  positions  it 
may  lie  within  the  small  space  in  which  the 
IHi£         magnetic  field  due  to  the   current  may  be 
considered  of  uniform  intensity,  equal  to  the 
intensity  at  the  centre   of   the   coil.     That 
S  is,  referring  to  Fig.  128,  the  needle  should  be 

Fig.  130.  sm&il  enoygh  to  lie  within  the  small  space 
abed  at  the  centre  of  the  coil  wheie  the  lines  of  force  are 
approximately  parallel  and  equidistant. 

The   intensity  of   the  magnetic  field  within  this  space, 
due  to  a  current  C  in  the  coil,  is  approximately  given  by — 

27TWC 
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where  r  denotes  the  radius  of  the  coil,  and  n  the  number 
of  turns  in  the  coil. 

Hence,  if  m  denote  the  strength  of  either  pole  of  the 
needle,  the  forces  constituting  the  couple  tending  to  deflect 
it  out  of  the  magnetic  meridian  are  each  given  by  — 


and  act  at  right  angles  to  the  plane  of  the  coil. 

When  the  needle  is  in  its  position  of  equilibrium,  the 
moment  of  the  couple  due  to  the  earth's  field  balances  the 
moment  due  to  this  couple.  Hence,  for  equilibrium  we 
have  — 

F  .  a  d  =  m  H  .  5  d, 
that  is, 

2  TT  m  n  0         , 

-  .  a  d  =  m  H  .  o  dt 

or 

27T7&C  ,  TT  ,, 

-  .  a  d  =  H  .  I  d. 
r 

and  therefore 

G  -      r       H      — 
~'       'ad' 


But  —  -:  =  tan  b  a  d,  and  as  the  angle  b  a  d  is  equal  to  a,  the 
QJ  d 

angle  of  deflection  of  the  needle,  we  have  —  • 


bd 
and 


— -.  =  tan  a. 
ad 


C  =      —  .  H  .  tan  a. 

2irn 


The  quantity  „  —  .H  is  known  as  the  working  constant  or 
alvanometer 

0  =  Ti  tan  a, 


reduction  factor  of  the  galvanometer,*  and  denoting  it  by  kt 
we  have— 


2  _  „ 
The  constant  of  the  galvanometer  coil  is  — 
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where  k  is  a  constant.  That  is,  the  strength  of  the  current 
varies  as  the  tangent  of  the  angle  of  deflection.  For  example, 
if  one  current  (Cj)  produce  a  deflection  of  30°,  and  another 
(C2)  a  deflection  of  60°,  then— 

J_ 

5i_  tan  "°°      ^  _  I 

Oj=  tan  60°    **  ~V3  *"  3' 

that  is,  €2  is  three  times  as  great  as  C^.  We  are  thus  able 
to  compare  currents  by  simply  noting  the  deflections  of  the 
needle  and  taking  the  value  of  the  tangents  of  the  angles  ; 
but  if  we  wish  to  measure  a  current  absolutely,  then  the 
value  of  the  constant  k  must  be  determined,  either  by  cal- 

rlL 

culation  from  the  relation  ~  —  or  by  experiment,  as  ex- 


plained  in  Art.  81. 

The  Sine   Galvanometer,  one  form  of  which  is  shown 
in  Fig.   131,  is  an  instrument  exactly  similar  in  principle 


Fig.  131. 

and  construction  to  the  tangent  galvanometer.     It  differs 
from  it  only  in  the  fact  that  the  coil  and  needle  box  can 
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be  rotated  round  a  central  vertical  axis,  and  a  horizontal 
circular  scale  is  provided  on  which  the  amount  of  this 
rotation  can  be  accurately  read. 

For  use  the  instrument  is  adjusted  in  the  same  way  as 
the  tangent  galvanometer,  but  when  the  needle  is  deflected 
the  coil  is  rotated  after  it  until  the  needle  is  overtaken  by 
it  and  in  its  deflected  position  lies  in  the  plane  of  the  coil. 
The  diagram  of  Fig.  131  shows  the  conditions  of  equilibrium 
of  the  needle,  and  as  before  we  must  have — 

F  .  a  b  =  m  II  .  b  d, 
that  is, 

2-n-mnC 


or 

2irnC 

— - —  .  ab  =  H  .  bd, 

and  therefore 

r  Id 

=  2~F£  '  H  '  71' 

that  is,  since  — ^  =  sin   b  a  d  =   sin  a,  where  a  denotes 

the  deflection  of  the  needle  or  the  rotation  of  the  coil,  we 
have — 

C  =  s .  H  .  sin  a. 

2  irn 

or 

C  =  k  .  sin  a, 

where  Jc  denotes  the  reduction  factor  of  the  instrument. 
That  is,  the  current  is  proportional  to  the  sine  of  the  angle 
of  deflection  of  the  needle  ;  for  example,  if  one  current,  C0 
produce  a  deflection  of  30°,  and  another,  C2,  a  deflection  of 
60°,  then— 

C,  _  sin  30°         J_          l_ 

C,  ~~  sin  GO0   ~~  y^s.  ~  '^/g 

It  should  be  noticed  that  with  the  sine  galvanometer  the 
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needle,  when  in  its  position  of  equilibrium,  lies  in  the  plane 
of  the  coil ;  and  therefore  the  forces  of  the  couple  F,  F,  always 
act  at  right  angles  to  the  length  of  the  needle,  and  therefore 
the  arm  of  the  couple  is  always  given  by  the  length  of  the 
needle  ab. 

This  is  true  whatever  be  the  length  of  the  needle,  and 
hence,  for  a  needle  of  given  length, 
the  moment  of  the  couple  varies  only 
with  strength  of  the  current.  For 
comparative  measurements,  there- 
fore, the  instrument  may  have  a 
long  needle,  but  for  absolute 
measurements  the  needle  must  be 
short,  in  order  that  the  intensity 
of  the  field  in  which  it  moves  may 
be  uniform  and  easily  determined. 

74.  The  Mirror  Galvanometer. 
A  good  form  of  Thomson's  mirror 
galvanometer  is  shown  in  Fig.  132. 
The  coil  is  wound  on  a  compara- 
tively small  circular  reel.  R,  enclosed 
in  B,  a  cylindrical  brass  box  with 
a  glass  front.  The  needle  of  the 
instrument  is  a  short,  carefully 
magnetised  strip  of  steel,  attached 
by  shellac  or  cement  to  the  back 
of  a  small  circular  concave  mirror, 
m,  suspended  by  a  single  silk  fibre 
at  the  centre  of  the  coil.  The 
deflection  of  the  magnet  is  measured 
by  the  mirror  and  scale  method 
explained  in  Art.  27,  and  Fig.  133 
shows  the  galvanometer  and  scale 

arranged  for  use.  The  large  magnet  NS,  supported  above 
the  coil,  has  several  important  uses. 

If  this  magnet  be  removed,  the  needle  of  the  galvanometer 
sets  in  the  magnetic  meridian,  and  the  magnetic  field  in 
which  it  lies  is  that  due  to  the  horizontal  component  of 
the  earth's  magnetism.  If  now  the  magnet  be  replaced 


Fig.  132. 
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with  its  length  in  the   magnetic   meridian,  and   fts  south 
pole  pointing  northwards,  the  magnetic  field  which  it  pro- 


Fig.  183. 

duces  at  the  centre  of  the  coil  will  be  added  to  that  due  to 
the  earth.  The  needle  will  now  be  more  difficult  to  deflect, 
and,  consequently,  the  galvanometer  will  be  less  sensitive. 
The  nearer  the  magnet  is  to  the  coil,  the  greater  will  this 
effect  be ;  hence,  by  lowering  the  magnet  on  its  support,  the 
sensitiveness  may  be  very  considerably  diminished.  If, 
however,  the  magnet  be  replaced  with  its  north  pole  point- 
ing northwards,  the  field  it  produces  at  the  centre  of  the 
coil  tends  to  neutralise  that  due  to  the  earth ;  and  hence, 
by  lowering  the  magnet,  the  field  in  the  coil  may  be 
decreased  until,  at  a  certain  point,  the  field  of  the  magnet 
exactly  balances  that  of  the  earth.  For  this  position  of 
the  magnet  the  needle  is  unstable,  and  remains  at  rest  in 
any  position ;  and  if  the  magnet  be  lowered  still  more,  the 
direction  of  the  field  is  reversed,  and  the  needle  tends  to 
turn  round  through  180°.  Hence,  in  this  case,  the  galva- 
nometer cannot  be  used  with  the  controlling  magnet  lower 
than  the  position  of  instability  of  the  needle,  but  with  the 
magnet  slightly  above  this  position  the  instrument  is 
extremely  sensitive.  Its  sensitiveness  may  be  slightly 
decreased  by  raising  the  magnet,  or,  in  a  greater  degree,  by 
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removing  it,  or,  more  effectually,  as  explained  above,  by 
reversing  it  and  lowering  it  on  its  support. 

So  far  we  have  considered  the  galvanometer  placed  with 
the  plane  of  its  coil  in  the  magnetic  meridian,  but  this  is 
not  an  essential  adjustment — by  turning  the  controlling 
magnet  on  its  support  the  needle  may  be  made  to  set  in 
almost  any  required  plane,  and  the  coils  are  then  set  parallel 
to  it  by  rotating  the  body  of  the  instrument  round  a  central 
axis  at  A. 

In  adjusting  the  galvanometer  for  use  it  is  first  levelled 
so  that  the  mirror  m  hangs  truly  at  the  centre  of  the  coil. 
The  position  of  the  magnet  NS  is  then  adjusted  so  as  to 
secure  the  required  sensitiveness,  and  to  set  the  needle  in 
a  plane  convenient  for  work.  The  coil  is  then  set  parallel 
to  the  plane  of  the  needle,  and  fixed  in  position  by  the 
screw  at  S.  The  scale '  must  now  be  arranged  with  its 
length  parallel  to  the  plane  of  the  coil,  and  the  line  joining 
the  centre  of  the  mirror  to  the  zero  of  the  scale  should  be 
approximately  at  right  angles  to  this. 

On  adjusting  the  lamp  and  scale  to  the  proper  height, 
the  spot  of  light  reflected  on  to  the  scale  will  now  come  to 
rest  somewhere  near  the  zero  of  the  scale,  and  the  dark 
line  across  the  spot  may  be  adjusted  exactly  to  the  zero 
mark  by  slightly  rotating  the  magnet  NS  by  means  of 
the  tangent  screw  T.  The  galvanometer  will  now  be  ready 
for  use,  and  Fig.  133  shows  how  it  is  connected  in  circuit, 
but  the  student  can  realise  the  entire  process  of  adjust- 
ment only  by  going  through  it  for  himself. 

75.  The  Magnetisation  of  Iron.  It  has  been  stated  in 
Art.  70  tLat  the  magnetic  field  produced  in  the  interior 
of  a  long  coil  wound  regularly  and  uniformly  with  n  turns 
per  unit  of  length  is  uniform  and  of  magnitude  4:TrnC, 
where  C  denotes  the  current  in  the  coil.  Hence  it  is 
evident  that  the  magnetic  field  in  the  interior  of  the  coil 
can  be  varied  by  varying  the  current  in  the  coil.  If,  then, 
we  take  a  long  regularly  wound  coil,  and  place  in  it  a  long 
thin  iron  wire,  we  can  by  varying  the  current  in  the  coil 
subject  the  wire  to  the  inductive  action  of  magnetic  fields 
of  varying  intensity,  and  in  this  way  investigate  the 
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magnetic  behaviour  of  iron  in  magnetising  fields  of  different 
strengths. 

In  an  investigation  of  this  kind  the  usual  method  of 
work  is  to  determine  by  experiment  the  Intensity  of 
Magnetisation,  I,  or  the  Magnetic  Induction,  B  (Art.  43), 
corresponding  to  known  values  of  H,  the  Magnetic  Field. 
The  relation  between  I  and  H  or  between  B  and  H  can 
then  be  exhibited  by  means  of  a  curve  drawn  by  taking 
values  of  H  for  abscissae,  and  the  corresponding  value  of  I 
or  B  as  ordinates.  To  determine  H  and  I  or  B  the  most 
satisfactory  arrangement  is  that  in  which  the  conditions 
of  magnetisation  are  such  that  the  demagnetising  force 
is  negligible  :  H  will  then  be  given  by  the  intensity 
of  the  field  in  the  interior  of  the  coil,  and  I  can  be 
determined  from  the  magnetic  moment  of  the  magnetised 
wire  and  the  dimensions  of  the  wire;  B,  if  required,  can 
be  got  from  the  relation  B  =  H  +  4  TT  I. 

To  realise  these  conditions  practically,  an  iron  wire, 
whose  length  is  four  or  five  hundred  times  its  diameter, 
is  placed  in  a  long  carefully  wound  coil  of  length  about 
equal  to  that  of  the  wire.  The  coil  is  then  placed  in  a 
vertical  position,  with  one  end  close  to  the  needle  of  a 
mirror  magnetometer,  at  a  point  behind  the  needle  on 
a  line  drawn  through  its  centre  at  right  angles  to  its 
length.  A  very  small  current  is  then  passed  round  the 
coil,  and  by  means  of  an  adjustable  resistance  in  the  circuit 
the  strength  of  the  current  is  gradually  increased.  As 
the  current  is  increased  the  deflection  of  the  light  on  the 
magnetometer  scale  also  increases — quickly  at  first,  but 
afterwards  more  and  more  slowly,  showing  that  the  magnetic 
effect  on  the  wire  appears  to  tend  to  a  maximum.  The 
deflection  of  the  magnetometer  needle  is  evidently  due  to 
two  things — the  magnetic  effect  of  the  coil  itself  (Art.  66), 
and  the  magnetic  effect  of  the  thin  core  of  iron  wire. 
These  two  effects  can  readily  be  separated ;  that  due  to 
the  coil  is  proportional  to  the  current  flowing  in  the  coil, 
so  that  if  the  deflection  produced  by  the  coil  alone  for  one 
or  two  known  values  of  the  current  be  obtained  by  experi- 
ment, then  the  deflection  corresponding  to  any  given 
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current  can  be  determined :  the  effect  due  to  the  iron  wire 
core  for  any  given  value  of  the  current  can  then  be  readily 
obtained  by  subtracting  the  deflection  due  to  the  coil 
alone  from  that  given  by  the  coil  and  the  wire.  The 
deflection  of  the  magnetometer  due  to  the  action  of  the 
wire  core  alone  will  be  proportional  to  the  magnetic  moment 
of  the  wire,  and  therefore  proportional  to  the  intensity 
of  magnetisation  of  the  iron,  assuming  that  the  wire 
is  uniformly  magnetised,  an  assumption  which  under  the 


Fig.  134. 

conditions  considered  is  practically  true.  The  intensity 
of  the  magnetising  field  being  given  by  4  TT  n  C  is  evidently 
proportional  to  C,  and  C  can  readily  be  determined  by  means 
of  a  tangent  galvanometer  or  other  current  measurer 
placed  in  the  circuit.  Hence  if  we  take  for  abscissae  the 
values  of  C,  and  for  ordinates  the  corresponding  values  of 
the  magnetometer  deflections,  we  obtain  a  curve  similar 
to  the  dotted  curve  OA  (Fig.  134),  showing  the  relation 
between  the  magnetic  moment  of  coil  and  wire  and  the 
intensity  of  the  magnetic  field  in  the  coil,  If  we  now 


MAGNETIC    EFFECTS    OF    CURRENTS. 


239 


similarly  plot  a  curve  00,  showing  the  deflections  due  to 
the  coil  alone  for  different  values  of  C,  then  by  subtracting 
the  ordinates  of  the  curve  00  from  the  corresponding 
ordi nates  of  OA  we  get  the  curve  OB,  showing  the  relation 
between  the  magnetic  moment  of  the  iron  wire  and  the 
intensity  of  the  magnetising  field.  An  examination  of 
this  curve  shows  that  the  magnetic  moment,  and  therefore 
the  intensity  of  magnetisation,  increases  with  increase  in 


400 


Ficrias 


C.G. 


"60" 


Fig.  135. 


the  value  of  H :  the  increase  is  at  first  somewhat  slow, 
then  more  rapid,  and  finally  slower  and  slower,  until  it 
beaomes  almost  imperceptible.  In  the  upper  part  of  the 
curve,  where  a  large  increase  in  the  intensity  of  the 
magnetising  field  produces  a  very  small  increase  in  the 
intensity  of  magnetisation,  the  iron  has  almost  attained 
magnetic  saturation  ;  but  experiment  seems  to  show  that 
absolute  saturation  cannot  be  attained — there  is  always 
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a  slight  increase  in  I  when  H  is  increased,  and  I  only 
attains  its  maximum  value  when  H  is  infinite. 

Instead  of  plotting  a  curve  from  the  values  of  the 
current  for  abscissae,  and  the  deflections  as  ordinates,  the 
absolute  values  of  I  and  H  can  be  deduced  from  these  and 
other  data  of  the  experiment,  and  a  curve  obtained  by 
taking  values  of  H  as  abscissae,  and  the  corresponding 
values  of  I  as  ordinates.  The  curve  so  obtained  will  be 
exactly  similar  in  general  form  to  that  discussed  above, 
but  it  has  the  additional  advantage  of  showing  the  actual 
values  of  I  and  H ;  and  since  the  magnetic  susceptibility, 
K,  is  given  by  the  ratio  I/H,  the  value  of  this  constant  for 
any  point  on  the  curve  can  be  obtained  by  taking  the  ratio 
of  the  values  of  I  and  H  at  the  given  point.  Similarly, 
if  a  curve  be  drawn  showing  the  relation  between  B  and  H, 
then  the  permeability,  B/H,  for  any  point  on  the  curve 
can  be  determined,  or  the  value  of  this  constant  can  be 
obtained  from  the  I  and  H  curve  by  means  of  the  relation 
/A  =  1  +  47TK.  Fig.  135  shows  a  curve  for  I  and  H  in 
C.  G.  S.  units.  Looking  at  this  curve,  it  is  evident  the 
values  of  K  and  //,  vary  with  the  magnetic  state  of  the 
iron,  and  calculation  for  a  number  of  points  on  the  curve 
will  show  that  the  values  of  these  constants  vary  with  the 
intensity  of  magnetisation  of  the  iron. 

The  determination  of  I  and  H  in  absolute  C.  G.  S.  units 
from  the  data  of  an  experiment  such  as  that  described 
above  is  comparatively  simple.  Omitting  unimportant 
details  and  corrections,  the  following  is  a  brief  sketch  of 
the  method  of  reducing  the  data.  In  considering  the 
magnetic  action  of  the  iron  wire  on  the  needle  of  the 
magnetometer,  only  the  effect  of  the  upper  pole  need  be 
considered — the  other  pole  will  be  at  a  considerable  distance 
from  the  needle,  and  its  position  relative  to  the  needle  is 
such  that  its  effect  in  causing  deflection  may  be  neglected. 
Let  the  strength  of  the  upper  pole  be  denoted  by  in  ;  then 
if  its  distance  from  the  magnetometer  needle  be  d,  the 
intensity  of  the  magnetic  field  due  to  this  pole  at  the 
needle  is  given  by  m/d2.  Then  if  H  denote  the  uniform 
field  in  which  the  needle  is  initially  at  rest,  it  is  evident 
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that  for  equilibrium  of  the  deflected  needle  WQ  must  have, 
as  in  Art.  73,* — 

Ml 

-72  =  H  tan  a, 

where  a  is  the  deflection  of  the  needle. 
That  is— 

m=*(P  H  tana. 

Now  I  is  given  by  —  where  a  denotes  the  area  of  cross 

section  of  the  wire ;  therefore  we  have — 
m d?  H  tan  a 

"•*•     ~~aT 

To  determine  I  it  is  therefore  necessary  to  know  d,  a,  tan  a, 
and  H.  The  first  two  can  be  measured  directly  ;  the  third, 
tan  a,  is  readily  given  by  the  deflection  on  the  magnetometer 
scale  and  the  distance  of  the  scale  from  the  needle ;  for  if 
s  denote  the  former  and  L  the  latter  distance,  then, 
remembering  that  the  angular  deflection  of  the  reflected 

S 

ray  is  twice  that  of  the  needle,  we  get  tan  a  =  rr-^,  pro- 

2  Li 

vided  the  deflection  is  small  enough  for  tan  ^  a  to  be  taken 
as  |  tan  a.  Finally,  the  value  of  H  can  be  determined  by 
causing  the  needle  of  the  magnetometer  to  oscillate  first 
in  the  field  which  controls  it  during  the  experiment,  and 
then  by  removing  all  control  magnets,  and  taking  its  period 
of  oscillation  in  the  field  of  the  earth  only.  By  comparing 
the  periods  of  oscillation  as  in  Art.  51,  the  value  of  the 
control  field  can  easily  be  obtained  in  terms  of  the  horizontal 
component  of  the  earth's  field  at  the  place  of  experiment. 

The  value  of  H,  the  intensity  of  the  magnetising  field,  is 
more  readily  obtained  ;  it  is  given  at  once  by  4  TT  n  C,  and 
is  evidently  known  when  n  and  C  are  known.  The  value 
of  C,  which  must  be  expressed  in  absolute  C.  G.  S.  units, 

*  From  p.  230  it  is  evident  that  since  ml .  ad  =  m  H  .  bd,  we  have 
I  =  H  —3,  or  I  —  H  tan  a,  and  in  this  case  I  is  given  by  w/d2. 

Mug.  1 G 
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is  given  by  the  current  measurer  in  the  circuit,  and  n  can 
be  accurately  obtained  directly  by  counting  the  number  of 
turns  in  a  considerable  length  of  the  coil.  When  I  is  once 
obtained  in  this  way,  B  can  be  easily  calculated  from  the 
relation  B  =  H  +  4  TT  I ;  B  can  also  be  obtained  by  direct 
experiment  as  described  in  Art.  43. 

It  should  be  noticed  that  in  the  method  of  experiment 
described  above  the  iron  wire  is  in  a  vertical  position,  and 
is  therefore  subject  to  the  inductive  action  of  V,  the  ver- 
tical component  of  the  earth's  field:  for  this  reason  the 
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Fig.  136. 

strength  of  the  magnetising  field  is  given,  not  by  4  IT  n  C, 
but  by  4  TT  n  C  +  V.  The  value  of  V  is  comparatively 
small — about  '43  C.  G.  S.  units — but  its  inductive  effect  is 
quite  appreciable. 

In  connection  with  this  subject  the  important  phenome- 
non of  hysteresis  must  not  be  passed  over.  The  curve  shown 
in  Fig.  136  is  obtained,  as  explained  above,  by  gradually 
increasing  the  current  in  the  coil,  and  so  subjecting  the 
wire  to  the  inductive  action  of  a  gradually  increasing  field. 
If  this  process  is  carried  on  until  the  wire  practically 
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attains  magnetic  saturation,  and  the  current  is  then  gradu- 
ally decreased,  it  will  be  found  that  the  stages  in  the 
magnetic  condition  of  the  wire  during  increase  of  the 
magnetising  field  are  not  repeated  in  the  reverse  order 
during  the  decrease  of  the  field.  The  magnetic  intensity 
for  any  given  value  of  H  during  decrease  is  greater  than 
during  increase,  so  that  when  the  magnetising  field  is  zero 
the  wire  is  not  demagnetised,  but  possesses  a  considerable 
amount  of  residual  magnetism.  Fig.  136  represents  graphi- 
cally what  we  have  just  described :  OA  is  the  curve, 
showing  the  increase  of  I  with  H  as  H  is  increased,  AO' 
shows  how  I  decreases  with  H  as  H  is  decreased,  and  OO' 
indicates  the  residual  intensity  of  magnetisation  when  H 
is  zero.  The  curve  AO'  can,  however,  be  continued.  If  the 
current  after  being  reduced  to  zero  is  reversed  and  then 
gradually  increased,  the  value  of  H  changes  sign,  and 
under  the  influence  of  this  reversed  magnetic  field  the 
wire  first  loses  its  residual  magnetism,  and  then  becomes 
magnetised  in  the  sense  opposite  to  that  first  induced. 
This  can  be  continued  until  the  wire  again  approaches 
saturation  with  reversed  polarity.  The  curve  O'aA'  repre- 
sents this  process :  from  0'  to  a  the  effect  of  the  reversed 
field  is  merely  to  reduce  the  residual  magnetism  to  zero, 
and  at  a  we  have  the  wire  in  a  neutral  condition  but 
the  magnetising  field  is  not  zero ;  it  has  a  negative  value 
given  by  Oa.  From  a  to  A'  the  intensity  of  magnetisation, 
with  sign  reversed,  gradually  increases  and  tends  towards 
a  maximum  at  A',  just  as  in  the  portion  OA  of  the  curve. 

If  the  current  be  now  decreased,  the  intensity  of  mag- 
netisation during  the  decrease  of  H  will  not  pass  through 
its  old  values  in  the  reverse  order,  but  the  values  during 
decrease  will  be  numerically  greater  than  during  increase. 
This  is  indicated  in  the  figure  by  the  portion  A'O"  of  the 
curve  corresponding  to  the  portion  AO'.  At  0''  the  current 
has  been  reduced  to  zero;  the  residual  intensity  of  mag- 
netisation however  is  not  zero,  but  represented  by  OO".  If 
the  current  be  now  reversed  and  gradually  increased,  the 
magnetic  state  will  change  in  the  way  indicated  by  the 
portion  Q"bA  of  the  curve.  This  portion  corresponds  td> 
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O'aA'.  From  O"  to  b  the  effect  of  the  reversed  field  is  to 
reduce  the  residual  magnetism  to  zero;  at  b,  with  a  mag- 
netic field  indicated  by  Ob,  the  intensity  of  magnetisation 
is  zero ;  and  from  b  to  A  the  value  of  I  increases  with  that 
of  H.  At  A  the  wire  has  returned  to  one  of  its  initial 
states  on  the  curve  OA.  In  passing  through  the  states 
indicated  by  the  complete  curve  AO'aA'0"bA,  the  iron 
has  passed  through  a  cycle  of  states,  and  by  repeating  the 
operations  involved  in  the  cycle  the  iron  may  be  made  to 
pass  through  a  similar  cycle  any  number  of  times. 

It  will  be  seen  from  a  study  of  this  curve  that  the 
magnetic  state  of  the  iron  does  not  entirely  depend  on 
the  intensity  of  the  magnetising  field.  For  example,  take 
the  value  of  H  indicated  by  Oh  (Fig.  136).  It  is  evident 
that  there  are  three  values  of  I  corresponding  to  this  value 
of  H.  These  are  indicated  by  ha,  hft,  and  hy ;  and  it  is 
evident  that  the  difference  in  these  values  is  connected 
with  the  previous  history  of  the  iron :  thus  the  value  h  a 
is  for  iron  which  was  in  a  neutral  condition  before  being 
subjected  to  the  action  of  a  gradually  increasing  field; 
h/3  refers  to  iron  which  has  been  first  magnetised  up  to 
saturation,  and  then  subjected  to  the  action  of  a  gradually 
decreasing  field ;  hy  is  for  iron  which  after  being  reduced 
to  the  neutral  condition  at  a  is  then  magnetised  in  the 
reverse  sense  up  to  saturation,  then  subjected  to  a  gradu- 
ally decreasing  field,  and  finally  to  a  reversed  field  gradually 
increased  from  zero  to  the  value  indicated  by  Oh. 

It  is  evident  from  this  that  the  magnetic  state  of  the 
iron  depends  not  only  on  the  intensity  of  the  magnetising 
field,  but  also  on  its  magnetic  history  since  last  leaving  the 
neutral  condition.  It  will  be  noticed  that  the  behaviour  of 
the  iron  is  such  as  to  suggest  that  the  original  magnetic 
condition  of  the  iron,  whatever  it  may  be,  tends  to  persist — 
that  is,  change  in  the  magnetisation  of  the  iron  "  lags  " 
behind  the  changes  in  the  magnetising  force  acting  on  it. 
This  phenomenon  has  been  called  by  Professor  Ewing 
Hysteresis,  from  the  Greek  vo-repew,  to  lag  behind. 

The  existence  of  the  hysteresis  in  iron  is  the  cause  of  a 
considerable  loss  of  energy  when,  as  in  the  case  of  iron  in 
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dynamo  and  motor  armatures,  cores  of  transformers,  etc., 
the  iron  has  to  go  through  cycles  of  magnetic  changes 
with  great  rapidity.  Each  time  a  cycle  is  gone  through  a 
quantity  of  energy  proportional  to  the  area  of  the  closed 
curve  in  Fig.  136  is  dissipated,  and  causes  heating  of  the 
iron. 

The  whole  subject  of  magnetic  induction  is  one  of  the 
greatest  interest,  and  students  wishing  to  gain  further 
knowledge  of  the  subject  cannot  do  better  than  read  Pro- 
fessor E wing's  book  on  "  Magnetic  Induction  in  Iron  and 
other  Metals,"  where  the  whole  subject  is  fully  discussed. 


CHAPTER  XIII. 
OHM'S  LAW. 

76.  Electromotive  Force.  Electromotive  force  has  been 
defined  generally  in  Art.  57  as  that  which  causes  motion  of 
electricity.  The  absolute  electromagnetic  unit  of  electromo- 
tive force  is  defined  in  Chapter  XV.,  and  is  approximately 

equivalent — —    of  an  electrostatic  unit    of  potential. 

The  unit  of  electromotive  force  in  practical  use  is  however 
equal  to  one  hundred  million  (108)  absolute  electromagnetic 
units,  and  is  called  a  volt.  The  electromotive  force,  or,  as  it 
is  usually  written,  the  E.  M.  F.  of  a  Daniell's  cell,  is  about 
1  '07  volts,  and  may  therefore  be  taken  without  very  great 
error  as  a  rough  realisation  of  the  practical  unit.  The  elec- 
tromotive forces  of  different  cells  may  be  compared  by  com- 
paring the  differences  of  potential  set  up  at  their  poles  when 
no  current  is  allowed  to  pass.  Thus,  it'  one  pole  of  a  cell  be 
connected  to  one  pair  of  quadrants  of  a  quadrant  electro- 
meter, and  the  other  pole  and  the  other  pair  of  quadrants 
earthed,  then  the  two  pairs  of  quadrants  being  unconnected 
no  current  passes,  but  a  difference  of  potential  equal  to  the 
E.  M.  F.  of  the  cell  is  set  up  between  them,  and  the  needle 
of  the  electrometer  is  deflected  through  an  angle  propor- 
tional to  it.  By  noting  in  this  way  the  several  deflections 
produced  by  the  cells  to  be  compared,  we  may  by  comparing 
the  deflections  determine  the  comparative  electromotive 
forces  of  the  cells ;  and  if  the  E.  M.  F.  of  any  one  cell  be 
known  absolutely,  this  method  may  be  applied  to  determine 
the  absolute  E.  M.  F.  of  any  given  cell.  For  example,  if 
the  E.  M.  F.  of  a  Daniell's  cell  be  taken  as  1  volt,  and  it 
produces  a  deflection  of  100  divisions  on  the  electrometer 
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scale,  then  the  E.   M.  F.  of  a  cell  giving  190  divisions 
deflection  is  evidently  1-9  volts. 

The  following  table  gives  the  approximate  E.  M.  F.  of 
the  cells  described  in  Art.  56. 


Cell. 

E.  M.  F.  in  volts. 

Volta's  simple  cell     
Smee's  cell                            ...        ••• 

1  volt  (about) 
0-7     „      (     „     ) 

Poggendorff  bichromate  cell 

1-8  to  2-3  volta 
1*1  volt  (about) 

1*9            M            (                ,           ) 

1-9     „     (     „    ) 

Leclancb.6  cell           
Latimer  Clark  cell  (standard) 

1-4  to  1-6  volts 
1-433  volt  at  62°  F. 

The  Latimer  Clark  cell  is  a  standard  cell  of  very  constant 
E.  M.  F.  Mercury  and  zinc  are  the  elements ;  the  mercury 
is  at  the  bottom  of  the  cell,  and  on  it  rests  a  paste  made  by 
mixing  mercurous  sulphate  with  zinc  sulphate.  The  zinc 
element  takes  the  form  of  a  rod  or  strip  of  zinc  immersed 
in  the  paste,  but  not  going  deep  enough  to  touch  the 
mercury.  Contact  is  made  with  the  mercury  by 
means  of  a  platinum  wire  passing  through  the 
bottom  of  the  cell  and  forming  the  positive  pole 
of  the  cell.  Fig.  137  shows  a  convenient  form  of 
the  cell;  it  is  used  only  as  a  standard  of  E.  M.  F., 
and  is  soon  spoiled  if  allowed  to  give  a  current. 

When  a  number  of   similar  cells  are  arranged 
in  series  so  as  to  form  a  battery,  the  E.  M.  F. 
of  the  battery  is  found  by  summing  up  the  E.  M. 
Forces  of  the  component  cells.     Thus,  the  E.  M.  F. 
of   a  battery  of   n   similar   cells   is  n  times  the 
E.  M.  F.  of  one  cell.     If,  however,  the  cells  are    Fig  137 
arranged  in  parallel,  then  they  practically  consti- 
tute one  large  cell,  and  the  E.  M.  F.  of  the  arrangement  is  the 
same  as  that  of  one  cell.     Similarly,  if  mn  cells  be  arranged 
in  n  rows,  each  row  containing  m  cells  arranged  in  parallel 
and  the   rows  connected  in  series,  the  E,  M.  F.  of  the 
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arrangement  is  n  times  the  E.  M.  F.  of  one  cell,  for  we 
have  practically  n  large  cells  in  series,  each  cell  being  ra 
times  as  large  as  a  single  cell. 

77.  Current.  The  absolute  electromagnetic  unit  of  cur- 
rent has  already  been  defined  in  Art.  71,  but  the  practical 
unit,  called  the  ampere,  is  only  one-tenth  of  fVna  n>>«n1nf.ft 
unit.  The  quantity  of  electricity  which  a  current  of  one 
ampere  conveys  in  one  second  past  any  section  of  the  con- 
ductor is  called  the  coulomb,  and  is  equivalent  to  3  x  1Q9  * 
electrostatic  units  of^uantity  as  defined  in  Art.  6. 

The  quantity  oF^lectricity  conveyed  by  a  current  C  in 
time  t  is  given  by  the  relation  Q  =  C  t.  If  C  is  expressed 
in  amperes  and  t  in  seconds,  then  Q  is  given  in  coulombs. 

The  beginner  should  realise  that  when  a  current  travels 
round  a  continuous  undivided  circuit  the  strength  of  the 
current  is  the  same  at  all  points  in  the  circuit.  But 
in  the  case  of  a  divided  circuit,  such  as  that  shown 

in  Fig.  138,  when  the 
current  reaches  the  point 
of  division,  a,  it  splits  up 
along  the  several  branches 
meeting  at  a,  and  as  ex- 
plained in  the  next  article, 
the  relative  strengths  of 
these  branch  currents  de- 
pend upon  the  relative 
resistances  of  the  branches. 
If  C  denotes  the  total 

current  flowing  in  the  circuit,  and  c^  c2,  and  c3  the  branch 
currents,  then  we  evidently  must  have — 

C  =  cl  +  c2  +  <?3; 

that  is,  C  —  c1  —  c2  —  c3  =  0,  or  the  algebraic  sum  of  the 
currents  meeting  at  points  a  and  b  is  zero.  This  result  is 
an  example  of  Kinhhojf's  first  law,  which  states  that  in 
any  network  of  wires  carrying  currents  the  algebraic  sum 
of  the  currents  meeting  at  any  point  is  zero. 

*  The  electromagnetic  unit  of  quantity  is  3  x  10'°  electrostatic 
units,  ac.d  tho  coulomb,  being  ^th  the  electromagnetic  unit,  is  3  x  109 
Electrostatic  units, 
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78.  Resistance.  The  resistance  of  a  conductor  may  be 
defined  as  the  ratio  of  the  electromotive  force  producing 
a  current  in  the  conductor  to  the  strength  of  the  current 
so  produced. 

Thus,  if  an  electromotive  force,  E,  applied  to  a  given 
conductor,  produce  in  it  a  current,  C,  then  the  resistance  of 

E 

that   conductor  is   given   by  the   ratio  p.     That   is,  if  R 

denote  the  resistance  of  the  conductor,  we  have  — 


If  E  and  C  be  expressed  in  absolute  electromagnetic  units, 
then  R  is  also  expressed  in  electromagnetic  units,  the 
absolute  electromagnetic  unit  of  resistance  being  the  resist- 
ance of  a  conductor  in  which  unit  E.  M.  F.  produces  unit 
current.  The  practical  unit  of  resistance  is  that  resistance 
in  which  an  E.  M.  F.  of  one  volt  produces  a  current  of 
one  ampere.  It  is  called  the  ohm,  and  is  equal  to  one 
thousand  million  (109)  absolute  units.  It  may  conveniently 
be  taken1  las  the  resistance  of  a  column  of  mercury  106-3 
cm.  long,  and  having  a  uniform  section  of  one  square  milli- 
metre, the  temperature  of  the  mercury  being  0°  C. 

In  preparing  practical  standards  of  resistance,  it  is 
extremely  difficult  to  arrange  columns  of  mercury  in  a  form 
convenient  for  general  use;  hence  the  resistances  used  in 
practical  measurements 
are  generally  sets  of 
coils  of  insulated  wire 
wound  on  bobbins,  and 
so  arranged  that  they 
may  be  conveniently 
used  in  any  desired 
combination.  Such  an 
arrangement  of  coils  is 
called  a  resistance  box, 
the  bobbins  carrying 
the  coils  being  arranged 
inside  a  box.  The  ends  of  each  coil  are  attached  to  thick 
pieces  of  brass  fitted  in  rows  on  the  lid  of  the  box.  These 
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brass  pieces  are  insulated  from  each  other,  but  may  be  joined 
together  by  brass  plugs,  fitting  into  the  spaces  between  them. 
Fig.  139  shows  diagrammatically  how  the  coils  of  a  resist- 
ance box  are  arranged,  and  how  they  may  be  combined  so 
as  to  place  any  desired  resistance  in  the  circuit.  The 
current  enters  at  A  and  leaves  at  B.  Coils  of  1,  2,  2,  and 
5  ohms'  resistance  are  connected,  as  shown,  to  the  brass 
pieces  abcde,  which  may  be  connected  together  by  the 
brass  plugs  klmn.  These  plugs  fit  tightly  into  circular 
gaps  between  the  brasses,  and  it  will  be  seen  that  when 
any  one  is  removed  the  corresponding  coil  is  thrown  into 
the  circuit.  For  example,  when  the  plug  n  is  removed,  the 
coil  of  5  ohms'  resistance  is  placed  in  the  circuit ;  if  the 
plugs  k  and  n  are  removed,  then  a  resistance  of  6  ohms  is 
inserted ;  and  it  is  evident  that  with  these  four  coils  it  is 
possible  to  insert  a  resistance  of  any  integral  number  of 
ohms  between  0  and  10.  When  all  the  plugs  are  in,  the 
only  resistance  between  A  and  B  is  that  offered  by  the 
intervening  brasses  and  plugs,  and  these  being  massive  and 
made  of  good  conducting  material,  their  resistance  is  prac- 
tically ntt,  provided  that  the  plugs  fit  well  and  the  surfaces 
of  contact  are  clean.  Fig.  140  shows  the  general  appear- 


Fig.  140. 

ance  of  a  resistance  box  capable  of  supplying  a  resistance 
of  any  exact  number  of  ohms  between  0  and  10,000 
Resistance  boxes  are  also  constructed  so  as  to  give  fractional 
parts  of  an  ohm.  For  example,  a  box  containing  four  coils 
°f  TTTJ  T2TF>  TU>  TU  °^m>  in  addition  to  the  usual  coils,  would 
give  any  required  resistance  to  y^th  of  an  ohm. 
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It  will  be  noticed  that  the  coils  in  a  resistance  box  are 
arranged,  with  respect  to  magnitude,  in  the  same  way  as  a 
set  of  weights,  and  the  resistance  of  any  given  conductor  may 
be  measured  in  a  way  exactly  analogous  to  that  employed 
in  determining  the  weight  of  any  body. 

Let  the  given  resistance  be  arranged  in  circuit  with  a 
cell  or  battery  of  constant  action—  say  a  battery  of  four 
Daniell's  cells  —  and  a  delicate  galvanoscope.  When  the 
current  is  steadily  established,  let  the  deflection  of  the 
galvanoscope  needle  be  carefully  noted.  Now  remove  the 
unknown  resistance,  and  substitute  a  resistance  box  in  its 
place.  Let  the  resistance  in  the  box  be  adjusted  until  the 
galvanoscope  deflection  is  exactly  the  same  as  at  first  then 
the  resistance  in  the  box  must  be  equal  to  the  resistance  of 
the  given  conductor. 

This  simple  substitution  method  of  measuring  resistance 
is,  however,  rather  inconvenient  in  practice  and  is  not  often 
resorted  to. 

Experiment  shows  that  the  resistance  of  a  conductor 
of  uniform  section,  such  as  a  wire  or  rod,  varies  directly 
with  its  length  and  inversely  with  its  area  of  cross  section. 
That  is,  the  longer  the  conductor  is  the  greater  is  its 
resistance,  and  the  thicker  it  is  the  less  its  resistance. 
Hence,  if  I  denote  the  length  of  a  conductor  of.  uniform 
cross  section  of  area  a,  then  — 


where  R  denotes  the  resistance  of  the  conductor.     That  is, 


where  S  is  a  constant,  depending  in  magnitude  upon  the 
material  of  the  conductor — the  greater  the  conductivity  of 
any  material,  the  smaller  the  value  of  S  for  that  material. 
The  constant  S  for  any  substance  is  thus  a  specific  constant 
for  that  substance,  indicating  its  inherent  power  of  resisting 
the  passage  of  electricity  through  it.  This  constant  for 
any  substance  is  known  as  the  specific  resistance  of  that 
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substance.     If  we  consider  a  conductor  of  unit  length  and 
unit  area  of  cross  section,  then — 


that  is,  the  specific  resistance  of  any  substance  may  be 
defined  as  the  resistance  of  a  conductor  of  that  substance 
of  unit  length  and  unit  area  of  cross  section  —  for  example, 
the  resistance  between  two  opposite  faces  of  a  unit  cube  of 
the  substance. 

Tie  specific  conductivity  of  a  substance  is  sometimes 
defined  as  the  reciprocal  of  the  specific  resistance  of  the 
material.  Accepting  this  definition,  the  conductivity  of 
any  conductor  may  be  defined  as  the  reciprocal  of  its 
resistance.  Thus  the  conductivity,  &,  of  a  conductor  of 
resistance  E,  is  given  by 


If  two  conductors,  a  and  b  (Fig.  141),  of  resistances  rt 
and  r2,  are  arranged  in  series  in  the  circuit,  the  combined 


Fig.  141. 

resistance  of  the  two  is  simply  rx  +  r2.  If,  however,  they 
are  in  parallel  or  in  multiple  arc,  as  shown  in  figure,  then  it 
is  evident  that  the  combined  resistance  of  the  two  is  less 
than  either  of  them,  for  the  current  has  now  two  paths 
open  instead  of  only  one.  The  conductivity  of  the  two 
conductors  arranged  as  here  shown  is  evidently  equal  to  the 
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sum  of  the  conductivities*  of  the  individual  conductors 
a  and  b.  That  is,  if  k  denote  the  conductivity  of  the  com- 
bined conductors,  then  k  =  k±  +  k2,  where  kt  and  k2  denote 
respectively  the  conductivities  of  the  conductors  a  and  b. 
Hence  we  have  — 

1       11 

it  =  r,  +  % 

where  B,  denotes  the  resistance  of  the  combined  conductors  ; 
that  is, 


Similarly,  if  any  number  of  conductors  of  resistances  rlt  r2,  r3 
.  .  .  rn  be  arranged  in  parallel,  their  combined  resistance, 
R,  is  given  by 

i     I  +  L  +  L  +  .  .  +  1. 

B       rj.       ra       r3  rn 

Considering  the  relation 


it  is  evident  that  if  r^  =  r2  =  r,  say,  then 

"-r 

That  is,  the  combined  resistance  of  two  conductors  of  equal 
resistance  arranged  in  parallel  is  half  that  of  either.  This 
result  is  evident  at  once  from  first  principles,  for,  if  the 
current  has  two  exactly  similar  paths  through  which  it  may 
divide,  then  the  resistance  of  the  double  path  will  be  just 
one-half  that  of  either  of  the  single  paths  by  itself. 
Similarly,  the  combined  resistance  of  n  equal  resistances 

arranged  in  parallel  is  -th  that  of  any  one. 

When  a  current  flows  through  a  divided  circuit  such  as 

*  When  the  conductors  are  arranged  in  series  they  increase  the 
resistance  of  the  circuit,  but  when  arranged  in  parallel  they  increase 
the  conductivity  of  the  circuit. 
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that  formed  by  the  conductors  a  and  b  in  Fig.  141,  then  the 
current  divides  along  the  separate  branches  :  the  portion  of 
the  total  current  in  any  one  branch  is  proportional  to  the 
conductivity  of  that  branch. 

Thus,  if  GI  and  c2  denote  the  currents  in  a  and  b  respec- 
tively, then  — 


*• 


=  a 


That  is,  the  currents  in  the  branches  are  inversely  propor- 
tional to  their  resistances.  For  example,  if  the  resistance  of 
the  conductor  a  be  2  ohms,  and  that  of  6  3  ohms,  then  f  th 
of  the  total  current  flows  through  b  and  f  th  through  a,  the 
greater  current  flowing  in  the  conductor  of  lesser  resistance. 
An  important  application  of  this  principle  of  divided 
circuits  is  found  in  the  use  of  shunts.  It  sometimes 
happens  that  the  current  to  be  passed  through  a  galvano- 
meter turns  out  to  be  too  strong  for  the  instrument. 
When  this  occurs,  instead  of  changing  the  galvanometer 

for    another,    it    is    more 
convenient     to    join     the 
terminals   of    the   instru- 
ment by  a  wire  of  known 
resistance,   thus    allowing 
a   known   portion   of    the 
current   to 
be  shunted 
through 
the     wire. 
The      re- 
mainder of 
the  current 

passes  through  the  galvanometer,  and  may  be  regulated  to 
any  desired  strength  by  varying  the  resistance  of  the  wire 
across  the  terminals.  This  wire  is  called  a  shunt,  and  when 
a  galvanometer  has  a  shunt  across  its  terminals,  it  is  said 
to  be  shunted.  In  Fig.  142,  which  represents  a  simple 
circuit  containing  a  cell  and  galvanometer,  S  represents 


Fig.  142. 
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the  shunt  and  G  the  galvanometer.  The  gap  at  P  repre- 
sents a  plug  key  similar  to  that  shown  in  the  figure,  and 
by  means  of  this  key  the  shunt  circuit  may  be  opened 
or  closed  without  disconnecting  it  from  the  galvanometer 
terminals.  If  G  denote  the  resistance  of  the  galvanometer, 
S  the  resistance  of  the  shunt,  and  C  the  main  current  in 
the  circuit,  then  the  current  through  the  galvanometer  is 

S  C 

equal  to  ^ s,  and  if  S  and  G  are  known,  the  measure 

G  +  S 

of  this  current  given  by  the  galvanometer  evidently  serves 
to  measure  C.  When  the  resistance  of  the  shunt  is  ^th 
the  resistance  of  the  galvanometer  (S  =  G/9),  then  the 
current  through  the  galvanometer  is^th  the  main  current. 
Similarly,  if  S  =  G/99  or  G/999,  the  current  in  the  gal- 
vanometer will  be  y^jjth  or  y^^th  of  the  main  current. 
Shunts  of  this  kind  are  generally  supplied  with  the  galvano- 
meter with  which  they  are  to  be  used,  and  are  called  the 
Jth,  yVth>  and  T»J<rth  shunts,  or  the  ^th,  ^th,  or  T^Voth 
shunts,  according  as  resistance  or  current  is  implied.  In 

fi 
general,  S  =  -   — =  where  S  is  the  shunt  resistance  re- 

71  —   1 

quired  in  order  that  -th  of  the  main  current  may  flow 

round  a  galvanometer  of  resistance  G.  Properly  adjusted 
shunts  of  this  kind  are  made  up  in  boxes,  like  small  resist- 
ance boxes,  with  convenient  arrangements  for  using  any 
one  of  the  three.  For  rough  general  purposes,  however, 
a  piece  of  wire  joining  the  terminals  of  the  instrument  to 
be  shunted  acts  a«  an  efficient  shunt,  the  portion  of  the 
current  diverted  through  it  being  greater  the  less  the  resist- 
ance of  the  wire. 

The  reason  given  above  for  the  use  of  shunts  is  not  the 
only  one  •  they  are  used  generally  in  practical  methods  of 
measurement  for  a  great  many  different  purposes. 

The  resistance  between  the  terminals  of  a  galvanometer 
of  resistance  G,  when  shunted  by  a  shunt  of  resistance  S,  is 

S  P 
given  by  ^ — ,  and  is  always  less  than  G ;  hence,  when 

a  galvanometer  is  shunted,  the  resistance  in  the  circuit  is 
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diminished,  and  consequently  the  main  current  is  increased. 
When  it  is  desired  to  keep  the  main  current  constant,  the 
shunt  boxes  used  should  contain  compensating  resistances, 
connected  to  each  shunt  in  such  a  way  that  when  any  shunt 
is  used  a  compensating  resistance  equal  to  G  —  (S  G/S  +  G) 
is  put  in  the  circuit. 

Experiment  shows  that  the  resistance  of  a  conductor 
varies  with  its  temperature,  the  resistance  being  greater 
the  higher  the  temperature.  If  B0  denote  the  resistance  of 
a  given  conductor  at  0°  C.,  then  the  variation  with  tempera- 
ture is  such  that  for  the  resistance  at  t°  we  may  write — 

R,  =  Bb(l  +  «*), 

where  a  denotes  the  coefficient  of  increase  of  resistance  with 
temperature. 

Owing  to  this  variation  of  resistance  with  temperature, 
it  is  evidently  necessary  when  stating  the  specific  resistance 
of  any  substance  to  specify  the  temperature  for  which  the 
resistance  is  given. 

79.  Ohm's  Law.  In  its  simplest  form,  Ohm's  law  states 
that  the  current  produced  in  any  portion  of  a  homogeneous 
conductor  lying  between  two  equipotential  cross  sections  at 
different  potentials  is  directly  proportional  to  the  difference 
of  the  potentials  of  these  two  sections.  That  is,  if  C  denote 
the  current  produced  by  a  difference  of  potential  or  electro- 
motive force  E,  then — 

C«E. 

In  this  form,  however,  the  full  significance  of  the  law  is 
not  at  once  apparent.  The  law  involved  is  perhaps  best 
explained  by  reference  to  the  definition  of  resistance  given 
in  the  preceding  article.  The  resistance  of  a  conductor  is 
there  defined  as  the  ratio  of  the  E.  M.  F.  applied  to  the 
conductor  to  the  current  produced  in  it ;  that  is, 

.„• 

Now,  Ohm's  law  states  that,  assuming  resistance  to  be 
defined  in  this  way,  the  resistance  of  a  given  conductor  is 
constant  for  all  values  of  E  and  C,  for,  if  C  is  proportional 
to  E,  then  the  ratio  of  E  to  C  must  be  constant.  That  is,  a 
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given  conductor  presents  the  same  resistance  to  all  currents, 
and  is  independent  of  the  E.  M.  F.  producing  the  current. 
Hence,  combining  our  definition  of  resistance  with  Ohm's 
law,  we  may  write  — 

0  =  1 

where  C  denotes  the  current  produced  by  an  electromotive 
force  E  in  a  conductor  of  resistance  R,  and  R  is  a  constant 
for  a  given  conductor.  The  relation,  C  =  E/R,  which  states 
that  the  current  produced  in  a  conductor  of  resistance  R  by 
mi  E.  M.  Force  E  is  given  by  the  ratio  E/R,  is  usually  taken 
;is  the  full  expression  of  Ohm's  law. 

If  E  be  expressed  in  volts  and  R  in  ohms,  then  0  is  given 
in  amperes;  that  is, 


C  (amperes)  =  . 

R  (ohms) 

This  relation  may  be  written  in  the  form 

E  =  CB; 

that  is,  if  a  current  C  flow  through  a  conductor  of  resistance 
R,  then  the  E.  M.  F.  driving  this  current  through  this  con- 
ductor is  given  by  the  product  C  R  —  or,  if  a  current  C  is 
maintained  in  a  circuit  of  resistance  R,  the  E.  M.  F.  in  the 
circuit  is  C  R.  Thus,  let  a  cell  of  electromotive  force  E  and 
resistance  r  have  its  terminals  joined  by  a  wire  of  resistance 
R,  then  the  total  resistance  of  the  circuit  is  (R  -f  r),  and 
if  C  denote  the  current  in  the  circuit,  we  have  — 

E  =  C  (R  +  r). 

Similarly,  if  e  denote  the  difference  of  potential  of  the 
terminals  of  the  cell,  then— 

d  =  CE, 

for  this  difference  of  potential  is  a  measure  of  that  portion 
of  the  E.  M.  F.  of  the  cell  spent  in  driving  the  current  0 
through  the  wire  joining  the  terminals.  The  application 
of  these  results  supplies  a  simple  and  accurate  method  for 
the  measurement  of  the  internal  resistance  of  a  cell  or 
battery.  Let  the  terminals  of  the  cell  be  joined  to  the 
terminals  of  a  quadrant  electrometer,  and  the  deflection 
corresponding  to  the  E.  M,  F.  of  the  cell  noted.  Then,  with- 

Maa.  17 
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out  disconnecting  the  cell  from  the  electrometer,  let  its 
terminals  be  joined  by  a  wire  of  known  resistance  R ;  the 
presence  of  the  electrometer  will  in  no  way  interfere  with 
the  current,  but  the  deflection  indicating  the  difference  of 
potential  at  the  terminals  will  decrease  from  the  value 
corresponding  to  E  to  a  lower  value  proportional  to  e. 
Hence,  if  D  and  d  denote  these  deflections  respectively, 
we  have — 


that  is, 


and  therefore 


r  = 


B  (D  -  d) 


We  have  here  applied  the  relation  E  =  CR  to  a  restricted 
portion  of  a  circuit.  This  is  a  slight  extension  of  Ohm's 
law,  first  made  by  Kirchhoff,  and  hence  often  called 
KircTihoffa  second  law.  For  its  simple  application,  however, 
the  restricted  portion  considered  should  be  a  simple  con- 
ductor containing  no  source  of  E.  M.  F.  When  the  relation 

E 

E  =  CR  or  C  =  -    is  applied  to  a  complete  circuit,  then 

R  denotes  the  total  resistance  of  the 
circuit,  E  the  total  effective  E.  M.  F. 
in  the  circuit,  and  C  the  current  in 
the  circuit.  Thus,  if  three  cells  of 


forces 


e.2,    e3 


and 


electromotive 

resistances  rlt  r2,  r$  be  arranged,  as 
in  Fig.  143,  in  circuit  with  a 
galvanometer  of  resistance  G  and  a 
wire  of  resistance  W,  then  the  total 
effective  E.  M.  F.  in  the  circuit  is 
ei  +  e2  +  63>  and  tne  total  resist- 
ance ri  +  r2  +  r3  +  G  +  W  +  x, 
where  x  denotes  the  resistance  of 
the  connecting  wires  of  the  circuit.  Hence,  to  determine 
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the  current  in  the  circuit,  we  have — 

c  =  E !  =  e\  +  %  +  *3 

R       rl  +  ra  +  r3  +  G  +  W  +  so 

In  general  x  is  so  small  that  it  need  not  be  considered.  If, 
in  the  above  arrangement,  one  of  the  cells,  say  that  of 
electromotive  force  ez,  be  reversed,  then,  assuming  ^  +  e2 
greater  than  e3,the  total  effective  E.  M.  F.  in  the  circuit  would 
be  ^  +  e2  —  e3,  and  the  current  would  be  given  by — 


r\  +  rs  +  i*3  +  G  ±  \V  +  as' 

It  should  be  noticed  that  the  reversal  of  the  cell  in  the 
circuit  does  not  alter  the  total  resistance,  that  is,  we  still 
write  rt  +  ?*2  +  rz. 

Similarly,  if  a  battery  of  n  cells  arranged  in  series,  each 
of  electromotive  force  E  and  resistance  r,  give  a  current 
through  a  circuit  in  which  the  total  external  resistance  is 
denoted  by  R,  then  the  strength  of  the  current  is  given 
by— 


~E  +  nr 

If,  however,  the  same  n  cells  be  arranged  in  parallel,  the 
E.  M.  F.  of  the  battery  is  that  of  one  cell,  E ;  but  its  resist- 
ance is  -  th  the  resistance  of  one  cell,  for  the  cross  section 

of  the  path  of  the  current  in  the  cell  is  now  n  times  us 
great  as  before.  Hence  the  current  produced  in  a  circuit 
of  external  resistance  R  is  given  by — 


that  is, 


By    comparing   these   two   expressions    we   can   readily 
compare  the  efficiency  of  the  two  arrangements.     It  will 


260  CURRENT   ELECTRICITY. 

be  seen  that  the  two  values  for  C  differ  only  in  the  fact 
that  for  the  series  arrangement  the  resistance  of  the  cell, 
ry  is  multiplied  by  n,  while  in  the  parallel  arrangement  the 
external  resistance  R  is  multiplied  by  n.  Now  the  value 
of  C  will  be  greatest  when  the  denominator  of  the  equivalent 
expression  is  least ;  hence,  the  series  arrangement  gives  the 
better  current  when  r  is  less  than  R,  and  the  parallel 
arrangement  is  better  when  R  is  less  than  r.  The  resist- 
ance of  a  cell  is  generally  small ;  hence  we  may  say  generally 
that  parallel  grouping  should  be  employed  when  the  external 
resistance  is  very  small,  and  the  series  arrangement  when 
it  is  comparatively  large.  When  r  =  R  it  is  immaterial 
which  arrangement  is  adopted,  but  the  greater  R  is  compared 
with  r  the  greater  the  advantage  of  the  series  over  the 
parallel  arrangement,  and  the  smaller  R  is  compared  with  r 
the  greater  the  advantage  of  the  parallel  grouping.  For 
example,  with  ten  cells,  each  having  a  resistance  of  2  ohms 
and  an  E.  M.  F.  of  2  volts,  let  us  compare  the  current 
given  with  the  two  arrangements  (a)  through  an  external 
resistance  of  1  ohm,  (b)  through  an  external  resistance  of 
1000  ohms.  Here,  for  the  case  (a)  we  have — 
(i)  By  series  arrangement — 

C  —      10  x  2       -  20 

(ii)  By  parallel  grouping — 

o 

C  =  — =-  =  If  amperes. 

A  +  i 

And  for  the  case  (b)  we  have — 
(i)  By  series — 

10  x  2  20         l^ 

~  10  x  2  +  1000  —  1020  —  61 

(ii)  In  parallel — 

C  =    ,       An,n  =  Ti^To  -    566  ampere  (nearly>- 


That  is,  with  the  small  external  resistance  the  parallel 
arrangement  gives  the  better  current,  but  with  the  largo 
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external  resistance  the  current  given  by  the  series  arrange- 
ment is  almost  ten  times  as  great  as  that  given  by  the 
parallel  grouping.  The  series  arrangement  of  case  (b) 
.shows  such  a  decided  advantage  because  the  external 
resistance  of  1000  ohms  is  very  much  greater  than  the 
2  ohms  internal  resistance  of  the  cell. 

If  we  have  mn  cells,  each  of  electromotive  force  E  and 
resistance  r,  arranged  in  n  rows  in  series,  each  row  con- 
taining m  cells  grouped  in  parallel,  then  the  current  given 
by  this  grouping  through  an  external  resistance  II  is  given 

by— 

0- 


for   the  arrangement   practically  consists   of  n  large  cells 

each    of    electromotive    force   E    and    resistance  — .      It 

m 

can  be  shown  that  with  a  given  number  of  cells  the  most 
advantageous  grouping  is  that  which  gives  the  internal 
resistance  of  the  arrangement  equal  to  the  external  resist- 
ance. Thus,  in  the  case  just  considered,  to  obtain  the  best 
current  we  must  have — 

n  .  -  =  E, 

m 

and  combining  this  condition  with  the  known  value  of 
mn,  the  values  of  n  and  m  can  be  determined  for  any 
given  case.  For  example,  to  determine  the  best  *  method 
of  grouping  24  cells  each  of  4  ohms  resistance  to  give  a 
current  through  the  external  resistance  of  6  ohms,  we 
have — 

-  =  6  (1) 

m  v  ' 

and 

mn  =  24.  (2) 

*  The  best  method  here  means  the  method  giving  the  strongest 
current.     It  is  not  the  most  economical  method. 
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From  (1)  we  get — 

o  7W 

n  =  — ' 
and  substituting  this  value,  in  (2)  we  have— - 

m?  =  16,  or  m  =  ±  4. 

1  hat  is,  the  cells  should  bo  arranged  in  6  rows  connected 
in  series,  each  row  containing  4  cells  in  parallel. 

The  experimental  verification  of  Ohm's  law  is  based 
upon  the  following  considerations.  Let  AB  (Fig.  144) 
represent  a  conductor  carrying  a  constant  current  C.  Then, 
considering  a  portion,  ab,  of  the  conductor,  the  E.  M.  F. 

A CL  g  I B 

Fig.  144. 

driving  the  current  C  through  this  portion,  that  is,  the 
difference  of  potential,  e,  between  the  points  a  and  b  is 
given  by — 

e  =  Cr 

\vhere  r  denotes  the  resistance  of  ab. 

But,  since  C  is  supposed  to  be  constant,  we  may  write — 

e  =  (constant)  x  r, 
or 

e  cc  r 

that  is,  the  difference  of  potential  between  any  two  points 
in  a  conductor  carrying  a  constant  current  is  proportional 
to  the  resistance  of  the  portion  of  the  conductor  included 
between  these  points.  Now  this  deduction  is  very  readily 
put  to  the  test  of  experiment — the  difference  of  potential 
between  any  two  points  may  be  measured  by  a  quadrant 
electrometer  as  already  explained,  and  with  a  resistance 
box  in  the  circuit  a  number  of  points  with  different  known 
resistances  lying  between  them  are  readily  available.*  For 
*  Strictly  speaking  the  resistance  between  different  points  on  a 
uniform  wire  should  be  taken,  for  Ohm's  law  is  assumed  in  the 
adjustment  of  the  coils  of  a  resistance  box,  and  the  experiment  here 
described  in  reality  verifies  only  the  accuracy  of  the  adjustment. 
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example,  if  Fig.  139  represent  the  portion  of  the  circuit 
including  the  resistance  box,  then,  all  the  plugs  being  out, 
let  the  quadrant  electrometer  be  properly  connected  to 
the  brasses  a  arid  b.  A  deflection  proportional  to  the 
differei^e  of  potential  between  a  and  b  is  then  obtained, 
and  this  difference  of  potential  corresponds  to  a  resist- 
ance of  one  ohm  between  a  and  b.  Let  this  deflection 
be  noted,  and  the  electrometer  terminals  next  connected 
to  the  brasses  a  and  c.  A  deflection  proportional  to 
the  difference  of  potential  between  the  points  a  and  c 
is  now  obtained,  and  this  difference  of  potential  corre- 
sponds to  a  resistance  of  three  ohms  between  the  points 
a  and  c. 

Now,  if  Ohm's  law  be  true,  this  second  deflection  should 
be  exactly  three  times  as  great  as  the  first,  for  the  law  states 
that  under  the  conditions  of  this  experiment  the  difference 
of  potential  between  any  two  points  is  proportional  to  the 
resistance  between  those  points.  Here  then,  since  the 
resistance  between  the  points  a  and  c  is  three  times  greater 
than  that  between  a  and  6,  the  difference  of  potential, 
and  therefore  the  electrometer  deflection,  should  also  be 
three  times  greater.  Similarly,  if  the  electrometer  be 
connected,  say,  to  the  points  d  and  e,  the  deflection  should 
be  five  times  greater  than  the  first  deflection  for  the  points 
a,  6,— and  so  on.  Careful  experiments  of  this  nature 
entirely  support  Ohm's  law,  and  show  that  it  is,  as  far  as 
can  be  detected,  rigorously  true. 

In  conducting  this  experiment,  care  must  be  taken  to 
secure  an  absolutely  constant  current  in  the  circuit — this 
may  be  done  by  using  a  battery  of,  say,  a  dozen  Daniell 
cells  working  through  a  circuit  of  very  large  resistance. 
Further,  the  experimenter  must  be  careful  not  to  alter 
the  resistance  of  the  circuit  during  the  experiment.  Con- 
nection is  readily  made  with  the  brass  pieces  of  the  resist- 
ance box  if  they  are  drilled  with  small  holes,  to  take  a 
small  plug  carrying  a  binding  screw. 

So  far  we  have  been  accustomed  to  use  the  quadrant 
electrometer  whenever  it  is  required  to  measure  the  difference 
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of  potential  between  any  two  points,  but  in  practice  a  high 
resistance  reflecting  galvanometer  is  much  more  convenient 
to  use,  and,  provided  its  resistance  is  high  enough,  it  gives 
practically  the  same  results  as  an  electrometer. 

Suppose,  for  example,  that  the  terminals  of  a  galvano- 
meter are  connected  to  the  points  a  and  b  in  Fig.  144. 
The  current  through  the  galvanometer  will  be  proportional 
to  the  difference  of  potential  existing  between  the  points  a 
and  b  after  the  galvanometer  has  been  joined  on.  Now  if 
the  galvanometer  is  of  low  resistance,  the  total  resistance 
between  a  and  b  will  be  greatly  diminished  by  connecting 
the  galvanometer  to  these  points,  and  therefore,  by  Ohm's 
law,  the  difference  of  potential  between  a  and  b  is  greatly 
diminished  by  joining  on  the  instrument  intended  to 
measure  it.  If,  however,  the  resistance  of  the  galvanometer 
is  very  large  compared  with  the  resistance  of  ab,  then  the 
total  resistance  between  a  and  b  will  be  very  little  changed 
when  the  galvanometer  connections  are  made,  and  therefore 
the  deflection  produced  will  be  proportional  to  the  difference 
of  potential  between  a  and  b  when  these  points  are  united 
only  by  the  conductor  ab.  Considered  in  this  relation,  an 
electrometer  acts  as  a  galvanometer  of  infinite  resistance, 
and  therefore  the  resistance  and  difference  of  potential 
between  a  and  b  are  unchanged  when  its  terminals  are 
connected  to  these  points. 

*  80.  Comparison  of  Electromotive  Forces.  The  quanti- 
tative comparison  of  electromotive  forces  of  voltaic  cells 
or  batteries  is  an  important  part  of  electric  measurements. 
We  shall  here  notice  a  few  only  of  the  more  important 
methods.  Theoretically,  the  simplest  method  of  comparison 
is  by  means  of  the  quadrant  electrometer — one  terminal  of 
the  cell  or  battery  is  connected  to  one  pair  of  quadrants 
and  the  other  terminal  and  pair  of  quadrants  earthed ;  the 
deflection  obtained  is  proportional  to  the  difference  of 
potential  between  the  terminals — that  is,  to  the  electromo- 
tive force  of  the  cell,  since  the  external  circuit  is  not  closed. 
A  comparison  ©f  deflections  obtained  in  this  way  with 
different  cells  gives  a  comparative  measure  of  their  electro- 
motive forces,  and  if  the  E.  M.  F.  of  one  cell  as  a  standard 
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(for  example  Latimer  Clark's  cell)  be  known  in  volts,  the 
EL  1VI.  Forces  of  the  other  [cells  can  also  be  expressed  in  volts. 
A  good  form  of  quadrant  electrometer  is,  however,  some- 
what troublesome  to  put  in  working  order,  so  that  in 
npplying  this  method  it  is  simpler  in  practice  to  employ 
a  galvanometer  of  very  high  resistance  instead  of  the 
electrometer,  or  a  condenser  and  ballistic  galvanometer 
combined  in  the  way  described  below. 

Wiedemann's  Sum  and  Difference  method  is  an  easy,  con- 
venient method  of  comparing  the  E.  M.  Forces  of  any  two  cells 
not  of  too  nearly  equal  E.  M.  F.  The  cells  to  be  compared 
are  arranged  first  in  series,  so  as  to  send  a  current  in  the 
same  direction  round  a  circuit  made  up  of  the  cells,  a 
tangent  galvanometer  and  a  resistance  box,  and  second  in 
opposition,  so  as  to  send  currents  in  opposite  directions 
round  the  same  circuit.  The  resistance  of  the  circuit  is 
adjusted  by  means  of  the  resistance  box,  so  that  suitable 
deflections  are  obtained  on  the  galvanometer.  Then  if  II 
denote  this  resistance,  which  must  be  same  in  both  cases, 
and  Ej  and  E2  the  E.  M.  Forces  to  be  compared,  we  have, 
for  the  first  arrangement, 


where  §1  is  the  deflection  of  the  galvanometer  needle,  and 
for  the  second  arrangement 


where  82  is  the  galvanometer  deflection, 
Whence  we  get 

E,  +  E.J        tan  5, 
E,  -  E2  =  tan  $/ 


or. 


tan  8,  +  tan  d$ 
tan  5   —  tan  T 
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A  convenient  arrangement  of  apparatus  is  indicated  in 
Fig.  145. 

The  mercury  cups  a,  6,  c,  d,  can  be  connected  by  two 
short  bent  pieces  of  copper  wire;  and  when  a  c  and  b  d 


Fig.  145. 

are  connected  the  cells  are  in  series,  but  when  a  b  and  c  d 
are  connected,  they  are  in  opposition. 

Another  important  method  of  comparing  E.  M.  Forces  is 
that  known  as  Poggendorff's  Compensation  Method.     The 


Fig.  146. 


principle  of  this  method  consists  in  balancing  the  E.  M.  F.  of 
the  cells  to  be  compared  against  the  difference  of  potential 
between  two  points  in  the  external  circuit  of  a  battery  of 
considerably  higher  E.  M.  F.  than  that  of  either  of  the  cells. 
Let  B  (Fig.  146),  represent  the  battery  and  PN  its  external 
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circuit,  the  resistance  of  which  is  sufficiently  great  for  the 
difference  of  potential  between  the  terminals  of  the  battery 
to  be  greater  than  the  highest  of  the  E.  M.  Forces  to  be  com- 
pared. The  difference  of  potential  between  any  two  points 
a,  b,  on  the  external  circuit  will  depend  upon  the  resistance 
between  these  points,  being  equal  to  CR  where  C  denotes 
the  current  in  the  circuit  and  R  the  resistance  of  the  por- 
tion, a  b,  of  the  circuit.  If  the  points  a,  b,  be  connected  by 
a  wire,  a  x  6,  a  current,  due  to  the  difference  of  potential 
between  a  and  b,  will  flow  through  it  in  the  direction  axb', 
but  if  a  cell,  E,  be  included  in  the  circuit,  so  as  to  tend  to 
give  a  current  in  the  opposite  direction,  it  is  possible,  by 
properly  choosing  the  position  of  the  point  of  contact  b 
to  obtain  a  balance  between  the  E.  M.  F.  of  the  cell  E  and 
the  difference  of  potential  between  the  points  a,  b.  When 
this  balance  is  obtained  there  will  be  no  current  in  the 
branch  axb,  and  there  will  be  no  deflection  of  the  galvano- 
meter G  placed  in  the  circuit.  Hence,  if  the  point  of 
contact  b  be  moved  along  the  main  circuit  until  the  gal- 
vanometer G  shows  no  deflection,  then  we  have  the  E.  M.  F. 
of  the  cell  equal  to  the  difference  of  potential  between  a,  6, 
the  points  of  contact  —  that  is,  E  =  C  R.  Thus,  if  two  cells 
of  E.  M.  Forces,  Et  and  E2?  are  to  be  compared,  the  above 
adjustment  is  made  with  each  separately,  and  we  have 

Ej  =   CRj  and  E2  =  CR2, 

where  R!  and  R2  are  the  resistances  in  each  case  between 
the  points  a,  b,  when  balance  is  attained.  Hence  we  get 

E!  _  C  R!  _  R! 

~E2  -  CTC  ~  R/ 


If  the  external  circuit  PN  consists  of  a  long  uniform 
wire,  the  resistance  between  any  two  points  on  it  is  propor- 
tional to  the  length  of  wire  between  the  points.  Hence  in 
this  case  the  E.  M.  Forces  of  the  cells  will  be  directly 
proportional  to  the  length  of  wire  necessary  to  be  included 
between  the  points  a,  b,  to  obtain  balance  in  each  case.  An 
external  circuit  of  this  kind  is  sometimes  called  a  Potentio- 
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meter,  on  account  of  its  application  to  the  measurement  of 
potential  in  this  way. 

It  should  be  noted  that  this  method  is  applicable  to  the 
absolute  measurement  of  E.  M.  F.,  for  we  have  E  =  C  II, 
and  if  C  is  measured  in  some  way,  say  by  a  tangent 
galvanometer  or  voltameter,  and  R  is  known,  then  E  can  be 
determined  absolutely.  This  is  practically  the  method 
adopted  by  Lord  Rayleigh  in  determining  the  E.  M.  F.  of 
the  Latimer  Clark  Cell. 

*  81.  Comparison  of  Resistances.  In  this  article  we  shall 
consider  only  the  simpler  methods  based  on  the  Wheatstone's 
Bridge  arrangement. 


In  ih-e  circuit  shown  in  Fig.  147,  the  cell  E  sends  a 
current  round  a  divided  circuit;  and  the  diffeience  of 
potential  between  the  extremities  of  each  branch  of  the 
divided  circuit  is  the  same  ;  being,  in  each  case,  the  difference 
of  potential  between  the  points  A  and  B  on  the  main  circuit. 
Henco,  in  going  from  A  to  B  along  either  of  the  branches 
A  C  B  or  A  D  B,  the  same  fall  of  potential  takes  place, 
and  points  can  therefore  be  found  in  each  branch  at  which 
the  potential  is  the  same  as  at  corresponding  points  in  the 
other  branch.  Let  C  and  D  be  two  such  corresponding 
points,  then  the  potential  at  C  is  the  same  as  at  D — that  is, 
the  fall  of  potential  from  A  to  C  is  the  same  as  that  from 
A  to  D.  Now,  the  fall  of  potential  between  any  two  points 
on  the  same  conductor  is  proportional  to  the  resistance 
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between  these  points,  hence  it  will  be  evident  that  the  fall 
from  A  to  C  will  be  same  as  that  from  A  to  D  when  the 
resistance  from  A  to  C  is  the  same  fraction  of  the  resistance 
of  A  C  B  as  the  resistance  from  A  to  D  is  of  A  D  B.  For 
example,  if  the  difference  of  potential  between  A  and  B  is 
3  volts  and  the  resistance  of  A  C  B  and  A  D  B  respectively 
15  ohms  and  9  ohms,  then  the  fall  of  potential  along 
A  C  B  is  one  volt  for  every  five  ohms  resistance,  and  along 
A  D  B  one  volt  for  every  three  ohms  resistance ;  and  if  the 
resistance  of  AC  is  10  ohms  (two-thirds  of  A  C  B)  then  the 
resistance  of  A  D  must  be  6  ohms  (two-thirds  of  A  D  B) 
in  order  that  the  points  C  and  D  may  be  at  the  same 
potential.  The  common  potential  of  these  points  will  in 
this  case  be  two  volts  lower  than  that  at  A  and  one  volt 
higher  than  that  at  B.  It  is  evident  that  on  the  branches 
A  C  B  and  A  D  B  any  number  of  pairs  of  corresponding 
points,  such  as  C,  D,  can  be  found,  and  in  each  case  the 
following  proportion  must  hold  between  the  resistances  in- 
volved :  let  the  resistance  of  the  arms  A  C,  C  B,  A  D  and 
D  B  be  denoted  by  P,  Q,  R  and  S  respectively,  then  we  must 
have 

P  :  Q  : :  R  :  S, 
that  is 

PS  =  QR. 

Now,  it  is  evident  that  if  three  of  the  four  resistances 
P,  Q,  R,  S  be  known,  the  fourth  can  be  determined  from 
this  relation ;  or,  if  the  ratio  of  two  of  them,  say  P :  Q,  be 
known,  and  another,  say  R,  be  known,  then  the  fourth,  S, 
can  be  determined ;  provided  the  four  resistances  P,  Q,  R 
and  S  are  connected  and  adjusted  by  experiment  in  the  way 
indicated  above. 

The  loop  A  C  B  D,  made  up  of  the  four  arms  AC,  C  B, 
AD,  D  B,  is  known  as  the  Wheatstone  bridge  or  Wheatstone 
net  arrangement ;  it  may  be  applied  to  the  measurement  of 
resistance  in  the  following  way.  Let  two  equal  resistances, 
say  of  about  10  ohms  tach,  *  constitute  the  two  arms 

*  Their  resistance  need  not  be  known  if  they  are  known  to  be 
equal. 
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A  C  and  A  D,  and  let  the  arm  C  B  be  a  resistance  box,  and 
the  arm  D  B  the  resistance  to  be  measured.  Then,  if  the 
terminals  of  a  sensitive  reflecting  galvanometer  G  (Fig.  148) 
are  connected  to  the  points  C,  D,  it  will  be  possible  to  adjust 
for  equality  of  potential  of  the  points  C  and  D ;  for,  if  these 
points  are  at  the  same  potential,  then  no  current  will  flow 
through  the  galvanometer — that  is,  there  will  be  no  deflec- 
tion of  the  galvanometer  needle.  This  adjustment  may  be 
made  by  adjusting  the  resistance  in  the  resistance  box 
which  constitutes  the  arm  C  B,  for  since  the  resistance  of 
AC  is  equal  to  that  of  A  D  the  adjustment  will  be  complete 


Fig.  148. 

when  the  resistance  in  the  box  is  equal  to  the  unknown 
resistance  D  B. 

The  details  of  the  construction  and  practical  use  of  the 
different  forms  of  Wheatstone's  bridge  used  in  the  measure- 
ment of  resistance  are  best  learnt  in  the  laboratory,  and 
for  this  reason  we  shall  not  give  any  further  description  of 
the  arrangement. 

This  Wheatstone's  bridge  method  of  comparing  resistance 
is  directly  adapted  to  the  measurement  of  simple  resistances, 
but  it  may  be  modified  so  as  to  be  applicable  in  some  other 
cases.  For  example,  Thomson's  method  of  measuring  the 
resistance  of  a  galvanometer  by  its  own  deflection  is  a 
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modification  of  the  method  just  described.  The  galvano- 
meter is  placed  in  the  arm  BD  (Fig.  149),  and  the  points 
C,  D,  are  connected  through  a  key  K,  which  admits  of 
the  connection  between  C  and  D  being  made  and  broken 
at  will.  The  resistance  in  the  resistance  box  in  CB  is 
then  adjusted  until  the  deflection  of  the  galvanometer 
is  the  same,  whether  the  key  K  makes  contact  between 
C  and  D  or  not.  This  adjustment  evidently  depends  on 
the  same  principle  as  the  one  just  described  :  if  the  points 
C  and  D  are  at  the  same  potential,  it  is  evidently  immaterial 


whether  the  key  makes  contact  or  not,  for  in  either  case  no 
current  will  flow  along  C  D  and  consequently  the  current 
through  the  galvanometer  will  not  be  changed.  If,  how- 
ever, C  and  D  are  not  at  the  same  potential,  then  when  the 
key  is  depressed  and  makes  contact  between  C  and  D, 
a  portion  of  the  current  passing  through  the  galvanometer 
is  shunted  along  C  D  and  the  deflection  of  the  galvanometer 
is  changed.  Hence,  when  the  resistance  in  CD  is  so 
adjusted  that  the  depression  of  the  key  has  no  effect  on  the 
galvanometer  deflection,  the  resistance  of  the  galvanometer 
can  be  determined  from  the  relation  PS=QR;  or  if,  as 
assumed  above,  P=R,  then  Q=S — that  is,  the  resistance 
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out  in  the  resistance  box  when  the  adjustment  is  complete 
gives  the  resistance  of  the  galvanometer. 

Another  application  of  this  method  is  Mance's  method  of 
measuring  the  internal  resistance  of  a  cell  or  battery.  It 
evidently  would  not  do  to  place  the  cell  in  the  arm  B  D 
and  attempt  to  measure  its  resistance  as  if  it  were  a  simple 
resistance;  for  being  a  source  of  E.  M.  F.,  the  current  pro- 
duced by  it  in  the  circuit  would  disturb  the  adjustment.  In 
Mance's  method  the  cell  whose  resistance  is  to  be  measured 
is  the  only  one  in  the  circuit,  and  it  is  placed  in  the  arm 
BD,  and  the  place  of  the  cell  E  is  taken  by  a  key  K 


Fig.  150. 

(Fig.  150)  :  that  is,  just  as  in  Thomson's  method  the  galvano- 
meter whose  resistance  is  to  be  measured  is  placed  in  the 
arm  B  D  and  the  usual  place  of  the  galvanometer  taken  by 
a  key,  so  in  this  method,  the  battery  whose  resistance  is  to 
be  measured  is  placed  in  the  arm  B  D  and  the  usual  place 
of  the  battery  is  taken  by  a  key.  The  adjustment  is  exactly 
as  in  Thomson's  method, — the  resistance  in  the  arm  C  B  is 
adjusted  until  the  deflection  of  the  galvanometer  is  not 
affected  by  the  working  of  the  key,  and  the  resistance  of 
the  battery  determined  by  calculation  from  the  relation 
PS=QR.  The  principle  of  this  adjustment  is  slightly 
different  to  that  in  the  two  cases  just  described ;  here  the 
adjustment  does  not  depend  upon  equality  of  potential  of 
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the  points  C,  D,  whether  the  key  K  is  open  or  closed,  but 
upon  the  constancy  of  the  difference  of  potential  between 
these  points  whether  the  circuit  through  K  be  made  or  not. 
The  conditions  of  this  adjustment  are  however  the  same 
as  before,  for  when  K  is  closed  the  resistance  between  the 
points  A,B,  is  lessened  and  the  difference  of  potential 
between  these  points  changes.  Hence,  when  the  key  is 
closed,  a  sudden  change  takes  place  in  the  difference  of 
potential  between  the  points  A,  B,  and  this  change  will,  or 
will  not,  make  itself  felt  between  the  points  C,  D,  according 
as  the  relation  P  S=Q  R  holds  or  not. 

For  clearness  in  describing  the  above  methods  we  have 
always  supposed  the  resistance  box  to  be  in  the  arm  B  C, 
the  unknown  resistance  iu  B  D,  and  so  on,  but  this  arrange- 
ment is  evidently  not  essential — any  one  of  the  resistances 
may  be  placed  in  any  one  of  the  arms  without  affecting  the 
general  principle  of  adjustment. 

82.  The  Ballistic  Galvanometer.  A  ballistic  galvano- 
meter is  an  ordinary  low -resistance  reflecting  galvanometer 
with  a  needle  of  large  moment  of  inertia.  It  is  used  for 
measuring  the  quantity  of  electricity  passed  through  it  not 
as  a  continuous  current  but  as  a  sudden  discharge,  and  the 
needle  has  a  large  moment  of  inertia,  so  that  it  will  be  slow 
in  beginning  to  move  under  the  impulse  of  the  sudden 
discharge,  and  will  therefore  not  have  moved  appreciably 
from  its  position  of  rest  during  the  time  the  discharge 
takes  to  pass  through  the  galvanometer. 

It  can  be  shown  that  in  a  galvanometer  of  this  kind  the 
sine  of  the  half  the  angle  of  deflection  is  proportional  to 
the  quantity  of  electricity  discharged  through  it,  or  where 
the  angle  of  deflection  is  small,  as  it  always  is  in  actual 
work  with  a  reflecting  galvanometer,  the  quantity  of  elec- 
tricity discharged  is  directly  proportional  to  the  deflection 
of  the  spot  on  the  galvanometer  scale. 

The  capacity  of  two  condensers  may  be  readily  compared 
by  means  of  a  ballistic  galvanometer.  Let  the  capacities 
of  the  two  condensers  be  Cj  and  C2,  and  let  them  be, 
separately,  first  charged  by  a  battery  of  constant  E.  M.  F., 
E,  and  then  discharged  through  the  galvanometer.  The 

Mag.  18 
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quantities  of  electricity  discharged  are  respectively  E  Cx 
and  E  C2,  and  if  d±  and  d2  are  the  corresponding  galvano- 
meter deflections,  then, 


EC2  ~~  C2  ~"  dj 

—  that  is,  the   capacities   are   in   the   same   ratio   as   the 
deflections. 

Similarly,  the  E.  M.  Forces  of  two  cells  or  batteries  are 
readily  compared  by  this  method.  Let  a  condenser  of 
capacity  0  be  charged  first  by  the  cell  of  E.  M.  F.  E:  and 
discharged  through  the  galvanometer  giving  a  deflection  d^ 
and  afterwards  charged  by  the  other  cell  of  E.  M.  F.  E2,  and 
again  discharged  through  the  galvanometer  producing  a 
deflection  d2.  Then,  as  before,  we  get 

J^i  O          .Hi]          (L\ 

-  .  -     -    _  i    —    _i 
111  2  0  Eg  tty 

—that  is,  the  E.  M.  Forces  are  directly  proportional  to  the 
deflections. 

This  is  a  simple,  accurate  and  ready  method  of  comparing 
electromotive  forces.  By  means  of  a  key  known  as  a 
discharging  key  the  above  operations  of  charging  and  dis- 
charging are  readily  and  easily  performed,  but  the  student 
will  more  readily  and  satisfactorily  learn  the  practical 
detail  of  the  above  methods  in  a  laboratory  than  from  a 
text  -book. 
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TABLE    OF    ELECTRICAL    UNITS. 


Electrostatic 
C.G.S.  units  in 
1  electromag- 
netic C.G.S. 
unit. 

Electromagnetic 
C.G.S.  units  in 
1  (electromag- 
netic) "  practi- 
cal" unit. 

Electrostatic 
C.G.S.  units  in 
1  electromag- 
netic "  practi- 
cal" unit. 

Name  of 
electromagnetic 
"  practical" 
unit. 

Charge  or\ 
quantity  / 

V 

1 

'     10 

V 
16 

Coulomb 

Potential 

1 

V 

109 

~V~ 

Volt 

Capacity 

*      { 

io-9 

10-15 

w:»* 

Farad 
Microfarad 

Current 

Ol 

1 

10 

L^J 

Ampere 

Resistance 

B] 

IO9 

(Ti 

Ohm 

v  is  the  velocity  of  light  or  any  other  electrical  disturbance  of 
the  ether  in  C.G.S.  units,  and  its  numerical  value  is  about  3  x  10'°. 
The  electrostatic  units  in  square  brackets  are  not  in  use* 
There  are  no  names  for  the  C.G.S.  units  of  either  system.    They 
are  called  simply  "  C.G.S.  electrostatic  unit  of  potential,"  and  so  on. 


CHAPTER  XIV. 
CHEMICAL    EFFECTS    OF    CURRENTS. 

83.  Chemical  Equivalence.  When  dilute  sulphuric  acid 
acts  on  zinc,  the  chemical  reaction  which  takes  place  may  be 
represented  by  the  equation — 

Zn  +  H2S04  =  ZnS04  +  H3. 

Here  it  will  be  noticed  that  one  atom  of  zinc  displaces 
two  atoms  of  hydrogen,  and  hence  we  say  that  one  atom 
of  zinc  is  chemically  equivalent  to  two  atoms  of  hydrogen. 
The  atomic  weight  of  zinc  is  65,  and  that  of  hydrogen  is 
1 ;  therefore  we  may  say  that  65  grams,  or  pounds,  or 
tons,  of  zinc  are  chemically  equivalent  to  2  grams,  etc.,  of 
hydrogen. 

Similarly,  from  the  equation — 

AgN03  -f  HC1  =  AgCl  +  HNOg, 

representing  the  reaction  between  silver  nitrate  and  hydro- 
chloric acid,  we  see  that  one  atom  of  silver  is  equivalent 
to  one  atom  of  hydrogen.  Combining  this  result  with  the 
previous  one,  we  see  that  one  atom  of  zinc  is  equivalent  to 
two  atoms  of  hydrogen,  and  also  to  two  atoms  of  silver ; 
that  is,  65  grams  of  zinc  are  equivalent  to  2  grams  of 
hydrogen  or  to  216  grams  of  silver.  In  this  way,  if  the 
atomic  weights  and  valency  of  the  elements  are  known,  we 
are  at  once  able  to  state  the  mass  of  any  element  chemically 
equivalent  to  unit  mass  of  hydrogen.  The  number  ex- 

276 
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pressing  this  mass  is  called  the  chemical  equivalent  of  the 
element,  and  is  evidently  obtained  by  dividing  the  atomic 
weight  of  the  element  by  its  valency.  Thus,  zinc  being  a 

G5 
dyad,  its  chemical   equivalent  is  -^  =     32'5;    but   silver 

1 08 
being  a  monad,  its  chemical  equivalent  is  -y-  =  108. 

84.  Laws  of  Electrolytic  Chemical  Action.  The  simple 
laws  of  chemical  action  are  two  in  number : — 

(1)  The  amount  of  chemical  action  in  any  one  cell  of  a 
circuit  is  equivalent  to  that  in  any  other  cell.    TLis  law  applies 
to  all  cells  in  the  circuit,  whether  battery  cells  or  electrolytic 
cells. 

Thus,  if  ft  current  from,  say,  six  Daniell's  cells  be  passed 
through  a  circuit  of  three  voltameters  arranged  for  the 
electrolysis  of  copper  sulphate,  silver  nitrate,  and  water 
respectively,  then  the  amount  of  copper  deposited  in  each 
battery  cell  is  the  same  as  that  deposited  on  the  cathode 
and  dissolved  from  the  anode  of  the  copper  sulphate  volta- 
meter. Also,  the  amounts  of  zinc,  copper,  silver,  oxygen, 
hydrogen,  etc.,  liberated  in  the  several  cells  are  all  chemically- 
equivalent.  For  example,  for  every  108  parts  of  silver 
deposited  in  the  silver  nitrate  voltameter,  65  parts  of  zinc 
are  dissolved  in  each  battery  cell.  By  arranging  a  circuit 
of  this  nature,  and  determining  quantitatively  the  amount 
of  chemical  action  in  each  cell,  this  law  may  be  put  to  the 
test  of  experiment,  and  will  be  found  to  be  strictly  true. 

(2)  The  amount  of  chemical  action  in  any  cell,  in  a  given 
time,  is  directly  proportional  to  the  quantity   of  electricity 
which  has  passed  through  the  cell  in  that  time  ;  that  is,  if 
m  denote  the  mass  of  a  particular  ion  liberated  in  a  given 
cell  by  a  current  C  in  a  time  t,  then — 

m  oc  C  #, 

for  C  t  denotes  the  quantity  of  electricity  which  has  passed 
through  the  cell  in  the  time  t. 

The  mass  of  an  ion  liberated  in  one  second  by  a  current 
of  one  ampere  is  called  the  ampere  electrochemical  equivalent 
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of  the  ion.  If  this  equivalent  for  any  element  be  denoted 
by  w,  then  it  is  evident  from  this  second  law  that  the 
amount  of  the  element  deposited  in  a  time  t  by  a  current 
C  is  given  by  — 

m  =  w  .  C  tt 
th  it  is, 

m  «*  C  w  t. 

The  electrochemical  equivalent  of  silver  has  been  very 
carefully  determined,  and  is  found  to  be  equal  to  0-001118 
grams  per  ampere;  that  is,  a  current  of  one  ampere 
passing  through  a  solution  of  silver  nitrate  deposits 
silver  on  the  cathodefat  the  rate  of  0*001118  grams  per 
second.  From  this  determination  for  silver  the  electro- 
chemical equivalent  of  any  other  element  may  be  determined 
by  calculation,  for  the  electrochemical  equivalents  of  any 
two  elements  are  directly  proportional  to  their  chemical 
equivalents.  Thus,  if  w  denote  the  electrochemical  equiva- 
lent of  hydrogen,  then — 

108  :  1  ::  0-001118  :  w, 
«.  0^18=0-00001035, 

lUo 

and  the  electrochemical  equivalent  of  any  element  is  readily 
found  by  multiplying  this  value  for  hydrogen  by  the 
chemical  equivalent  of  the  element.  For  example,  the 
electrochemical  equivalent  of  oxygen  is — 

•£-  x  -00001035  -  0-00008281  grams  per  ampere^ 

and  that  of  zinc  is — 

AK 

g-  x  -00001035  =  0-0003304  grams  per  ampere, 

and  so  on. 

It  is  evident  that  this  law  forms  a  basis  for  a  method  of 
measuring  current.  Thus,  the  ampere,  the  practical  unit 
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of  current,  may  be  taken  as  that  constant  current  which, 
when  passed  through  a  solution  of  silver  nitrate  in  water, 
deposits  silver  at  the  rate  of  0*001118  grams  per  second. 
Hence,  if  an  unknown  current  C  be  passed  through  a 
solution  of  silver  nitrate  in  water,  and  deposit  m  grams  of 
silver  in  t  seconds,  then  from  the  relation  — 

m  =»  C  w  t, 
we  have  — 

amperes- 


This  definition  of  the  ampere  is  that  adopted  in  the 
Report  to  the  Board  of  Trade  by  the  Electrical  Standards 
Committee,  and  appended  to  their  Report  is  a  specification 
giving  detailed  instructions  for  the  use  of  a  silver  volta- 
meter in  the  measurement  of  current.  We  quote  a  portion 
of  this  specification  which  explains  in  a  very  clear  way  the 
different  operations  involved  in  the  process. 

"  In  employing  the  silver  voltameter  to  measure  currents 
of  about  one  ampere,  the  following  arrangements  should  be 
adopted.  The  kathode  on  which  the  silver  is  to  be  deposited 
should  take  the  form  of  a  platinum  bowl  not  less  than  10  cm. 
in  diameter,  and  from  4  to  5  cm.  in  depth. 

"The  anode  should  be  a  plate  of  pure  silver  some  30 
square  cm.  in  area,  and  2  or  ,3  mm.  in  thickness. 

"  This  is  supported  horizontally  in  the  liquid  near  the  top 
of  the  solution  by  a  platinum  wire  passed  through  holes  in 
the  plate  at  opposite  corners.  To  prevent  the  disintegrated 
silver  which  is  formed  on  the  anode  from  falling  on  to  the 
kathode,  the  anode  should  be  wrapped  round  with  pure 
filter  paper,  secured  at  the  back  with  sealing  wax. 

"  The  liquid  should  consist  of  a  neutral  solution  of  pure 
silver  nitrate,  containing  about  15  parts  by  weight  of  the 
nitrate  to  85  parts  of  water. 

"  The  resistance  of  the  voltameter  changes  somewhat  as 
the  current  passes.  To  prevent  these  changes  having  too 
great  an  effect  on  the  current,  some  resistance  besides  that 
of  the  voltameter  should  be  inserted  in  the  circuit.  The 
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total  metallic  resistance  of  the  circuit  should  not  be  less 
than  10  ohms. 

"  Method  of  making  a  measurement.  The  platinum  bowl 
is  washed  with  nitric  acid  and  distilled  water,  dried  by  heat, 
and  then  left  to  cool  in  a  dessicator.  When  thoroughly 
dry,  it  is  weighed  carefully. 

"It  is  nearly  filled  with  the  solution,  and  connected  to 
the  rest  of  the  circuit  by  being  placed  on  a  clean  copper 
support,  to  which  a  binding  screw  is  attached.  Tfyis  copper 
support  must  be  insulated. 

"  The  anode  is  then  immersed  in  the  solution  so  as  to  be 
well  covered  by  it,  and  supported  in  that  position ;  the 
connections  to  the  rest  of  the  circuit  are  made. 

"  Contact  is  made  at  the  key,  noting  the  time  of  contact. 
The  current  is  allowed  to  pass  for  not  less  than  half  an 
hour,  and  the  time  at  which  contact  is  broken  is  observed. 
Care  must  be  taken  that  the  clock  used  is  keeping  correct 
time  during  this  interval. 

"The  solution  is  now  removed  from  the  bowl,  and  the 
deposit  is  washed  with  distilled  water  and  left  to  soak  for 
at  least  six  hours.  It  is  then  rinsed  successively  with 
distilled  water  and  absolute  alcohol,  and  dried  in  a  hot  air 
bath  at  a  temperature  of  about  160°  C.  After  cooling  in  a 
dessicator,  it  is  weighed  again.  The  gain  in  weight  gives 
the  silver  deposited. 

"  To  find  the  current  in  amperes  this  weight,  expressed 
in  grammes,  must  be  divided  by  the  number  of  seconds 
during  which  the  current  has  been  passed  and  by  '001118. 

"  The  result  will  be  the  time-average  of  the  current,  if 
during  the  interval  the  current  has  varied." 

In  laboratory  practice  it  is  often  more  convenient  to  use 
a  small  copper  voltameter,  made  up  with  two  copper  plates 
immersed  in  a  solution  of  pure  copper  sulphate,  instead  of  a 
silver  voltameter ;  and  the  method  is  seldom  used  for  the 
direct  measurement  of  current,  but  usually  to  determine 
the  constant  of  a  tangent  galvanometer  or  other  current- 
measuring  instrument. 

For  this  purpose  the  galvanometer  and  voltameter  are 


CHEMICAL    EFFECTS    OF   CURRENTS.  281 

arranged  in  series  in  the  circuit,  and  precautions  taken  to 
secure  a  constant  current.  The  current  is  then  allowed  to 
pass  for  a  given  time,  and  since  the  same  current  passes 
through  the  voltameter  and  the  tangent  galvanometer,  say, 
then — 

C  =  OL  „  k  tan  d, 
wt 

where  8  denotes  the  deflection  of  the  galvanometer. 
Hence  we  have — 


w  t  .  tan  8* 

and  the  constant  k  is  thus  determined  in  terms  of  m,  w,  t, 
and  8. 


CHAPTER  XV. 
HEATING  EFFECTS  OF  CURRENTS. 

85.  Conservation  of  Energy  in  a  Voltaic  Circuit.  Tn 
dealing  with  the  conservation  of  energy  in  a  circuit  thoro 
are  three  essential  points  that  require  consideration.  These 
are,  first,  the  work  done  in  the  voltaic  cell  or  battery; 
second,  the  work  done  in  the  external  circuit ;  and,  third, 
the  energy  of  the  current.  Of  these  the  first — the  chemical 
work  done  in  the  cell — is  the  source  of  energy  in  the  circuit 
and  gives  rise  to  the  other  two,  which  must  therefore  be 
together  equivalent  to  it. 

The  chemical  work  done  in  a  voltaic  cell  in  a  given  tiino 
is  the  mechanical  equivalent  of  the  heat  which  would  be 
generated  by  the  total  chemical  action  going  on  in  the  cell 
in  that  time.  Thus,  in  a  Daniell's  cell,  if  32*5  milligrams 
of  zinc  are  dissolved  in  one  hour,  then  the  chemicil  work 
done  in  the  cell  in  the  hour  is  the  mechanical  equivalent  of 
the  heat  generated  by  the  solution  of  32*5  milligrams  of  zinc 
in  sulphuric  acid,  and  the  solution  in  water  of  the  zinc 
sulphate  so  formed,  less  the  heat  absorbed  by  the  deposition 
of  31 '5  milligrams  of  copper  from  copper  sulphate,  and  the 
abstraction  of  the  necessary  copper  sulphate  from  its 
solution  in  water. 

The  work  done  in  the  external  circuit  may  be  either 
of  a  chemical  or  magnetic  nature ;  for  example,  the  circuit 
may  include  a  voltameter  in  which  electrolytic  chemical 
work  may  be  done,  or  an  electromagnet  whose  power  of 
attracting  iron  may  be  employed  in  doing  mechanical  work. 
In  either  case  the  energy  expended  in  doing  work  in  the 

232 
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external  circuit  takes  no  part  in  maintaining  the  current 
in  the  circuit  :  only  that  portion  of  the  cell's  energy  which 
is  not  spent  in  doing  other  work  in  the  circuit  is  available 
for  the  production  of  current,  and  the  energy  of  the  current 
so  produced  is  entirely  dissipated  as  heat  in  the  circuit. 

From  what  has  been  said  it  is  evident  that  Ohm's  law 
requires  some  modification,  for,  in  accordance  with  this  law,  a 
battery  of  fixed  electromotive  force  E,  working  in  a  circuit  of 

E 

resistance  R,  should  give  a  constant  current  0  =  ~     From 

what  we  have  just  said,  however,  it  appears  that  the 
current  in  the  circuit  may  be  varied  by  varying  the  work 
to  be  done  in  the  external  circuit,  for  the  less  the  work  to 
be  done,  the  greater  the  proportion  of  the  battery's  energy 
available  for  the  production  of  current,  and  therefore  the 
strength  of  the  current  should  increase  as  the  work  done  in 
the  external  circuit  diminishes. 

Now  it  is  found  that  wherever  work  is  done  in  the 
external  circuit,  a  "  back  "  E.  M.  F.  is  set  up  in  opposition  to 
the  main  E.  M.  F.  of  the  battery,  and  in  applying  Ohm's  law 

E 

this  back  E.  M.  F.  has  to  be  considered.   In  the  relation  C  =  ^, 

E  denotes  the  effective  or  resultant  E.  M.  F.  in  the  circuit,  and 
is  therefore  equal  to  the  E.  M.  F.  of  the  cell,  less  all  back 
electromotive  forces  set  up  at  points  where  work  is  done  in 
the  external  circuit.  When  the  external  circuit  consists 
only  of  simple  metallic  conductors,  then  there  is  no  back 
E.  M.  F.  to  be  considered  ;  but  if  a  water  voltameter,  for 
example,  be  included  in  the  circuit.,,  then  a  back  E.  M.  F.  due 
to  polarisation  in  the  voltameter  is  set  up  ;  and  if  e  denote 
this  back  E.  M.  F.,  and  E  the  E.  M.  F.  of  the  cell,  then  the 
current  in  the  circuit,  according  to  Ohm's  law,  is  given  by  — 


where  R  denotes  the  resistance  of  the  circuit. 

It  is  important  to  notice  that,  in  the  case  of  a  silver  or 
copper  voltameter,  no  back  E.  M.  F.  is  set  up,  for  in  each  of 
these  cells  the  same  metal  is  dissolved  from  the  anode  and 
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deposited  on  the  cathode,  so  that  on  the  whole  no  chemical 
work  is  done  and  no  polarisation  takes  place. 

It  is  evident  from  this  that  the  work  done  in  maintaining 
the  current  for  a  given  time  maybe  determined  by  consider- 
ing the  work  done  in  raising  the  quantity  of  electricity 
which  flows  through  the  circuit  in  that  time,  against  a 
difference  of  potential  equal  to  the  effective  E.  M.  F.  in  the 
circuit. 

Hence,  if  a  current  C  flow  for  a  time  t  round  a  circuit 
in  which  the  effective  E.  M.  F.  is  E,  then  a  quantity  of  elec- 
tricity, Ct,  is  raised  through  a  difference  of  potential  E,  and 
the  work  done  in  maintaining  the  current  for  the  time  t  is 
given  by— 


If  C  and  E  be  expressed  in  electromagnetic  units,  and  t 
in  seconds,  then  W  is  given  in  ergs,  but  if  0  is  in  amperes 
and  E  in  volts,  then  W  is  given  in  units  of  work  called 
Joules,  one  joule  being  equal  to  107  ergs.*  Thus,  0 

r\ 

amperes  =  —  electromagnetic  units,  and  E  volts  =  E  X  108 
electromagnetic  units,  and  therefore  — 

C  t  E  joules  =  ^  t  x  E  x  108  ergs, 

that  is, 

C  t  E  joules  =  C  t  E  x  107  ergs  ; 
and  therefore 

1  joule  =  107  ergs. 

The  work  done  on  the  current  per  second,  that  is,  the 
activity  of  the  cell  or  battery  in  supplying  the  current,  is 
evidently  given  by  the  product  CE,  and  if  C  and  E  are 
expressed  in  practical  units  —  amperes  and  volts  respectively 
—  then  the  activity  is  given  in  units  known  as  Watts,  a 
watt  being  one  joule  per  second,  therefore  equal  to  107  ergs 
per  second,  f 

*  In  ergs  because  the  electromagnetic  system  of  units  is  based  on 
the  C.G.S.  system,  of  which  the  erg  is  the  unit  of  work. 
•j-  One  horse-power  =  746  watts  (nearly). 
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86.  Laws  of  the  Development  of  Heat  in  the  Circuit.  We 
have  in  this  way  found  an  expression  for  the  work  done  on, 
the  current,  that  is,  the  work  done  by  the  cell  in  maintain- 
ing the  current,  and  we  have  now  to  consider  what  becomes 
of  the  energy  thus  supplied  to  the  current.  As  already 
stated,  all  the  energy  of  the  current  is  spent  in  developing 
heat  in  the  circuit,  and,  if  R  denote  the  resistance  of  the 
circuit,  then  since 

W  =  C  E  t,  and  E  =  C  K, 
we  have 

W-0.  CB  .  *»0*B*. 

That  is,  the  heat  produced  in  a  circuit  of  resistance  R  by 
a  current  C  in  a  time  t  is  proportional  to  C2  R  t.  Hence, 
the  laws  of  the  development  of  heat  in  a  circuit  carrying  a 
current  may  be  formulated  thus : — 

(1)  The  heat  developed  in  a  given  time  in  a  circuit  of 
given  resistance  is  directly  proportional  to  the  square  of  the 
current  strength. 

(2)  The  heat  developed  by  a  given  current  in  a  given  time 
is  directly  proportional  to  the  resistance  of  the  circuit. 

(3)  The  heat  developed  by  a  given  current  in  a  circuit 
of  given  resistance  is  directly  proportional  to  the  time  the 
current  passes. 

These  laws  are  found  to  be  true,  whatever  be  the  nature 
of  the  circuit  considered.  Thus,  if  a  current,  C,  flow  through 
a  circuit  made  up  of  a  battery  of  resistance  B,  a  wire  of 
resistance  W,  a  galvanometer  of  resistance  G,  and  two 
voltameters  of  resistance  Vx  and  V2,  then  the  heat  developed 
in  the  circuit  in  a  time  t  is  proportional  to  C2  R  t,  where  R 
denotes  the  total  resistance  of  the  circuit,  and  is  therefore 
equal  to  (B  +  W  +  G  +  Vi  +  V2).  Further,  the  laws  may 
be  applied  not  only  to  the  circuit  considered  as  a  whole,  but 
also  to  any  portion  of  the  circuit.  Thus,  in  the  example 
given  above,  the  heat  developed  in  the  wire  is  proportional 
to  C2  W  t,  in  the  battery  to  C2  B  t,  and  so  on.  This  applica- 
tion of  the  laws  to  a  portion  of  the  circuit  gives  the  useful 
rule  that  the  amounts  of  heat  developed  in  different  portions 
of  the  same  circuit  are  directly  proportional  to  the  resist- 
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anccs  of  the  portions  considered.  For  example,  in  the  case 
considered  above,  the  heat  developed  in  the  battery  is  to 
the  heat  developed  in  the  wire,  as  B,  the  resistance  of  the 
battery,  is  to  \V,  the  resistance  of  the  wire.  Hence,  if  it 
is  desired  to  confine  the  development  of  heat  as  much  as 
possible  to  one  part  of  the  circuit,  the  resistance  of  every 
other  part  should  be  as  small  as  possible;  for  example,  in 
incandescent  lamps. 

In  applying  these  rules  to  voltameter  cells  in  which 
chemical  work  is  done,  students  beginning  the  subject  may 
find  it  hard  to  understand  how  any  chemical  work  can  be 
done  in  the  cell  if  the  whole  energy  of  the  current  is  spent 
in  producing  heat.  It  has  already  been  explained  that  in 
general,  when  electrolysis  takes  place  in  a  voltameter  cell, 
the  products  of  electrolysis  accumulate  on  the  plates  of  the 
cell  and  set  up  polarisation.  The  back  E.  M.  F.  due  to  this 
polarisation  acts  in  opposition  to  the  E.  M.  F.  of  the  battery, 
and  the  current  is  thereby  reduced  below  the  value  it 
would  have  if  a  simple  conductor  of  the  same  resistance  as 
the  voltameter  cell  were  substituted  for  it  in  the  current. 
The  energy  supplied  by  the  battery  has  now  two  things  to 
do :  first,  to  overcome  the  back  E.  M.  F.  due  to  polarisation ; 
second,  to  maintain  a  current  in  the  circuit — the  energy 
expended  in  the  first  case  appears  as  chemical  work  in  the 
voltameter  cell,  and  that  expended  in  the  maintenance  of 
the  current  appears  as  heat  in  the  circuit.  Thus,  if  E  denote 
the  E.  M.  F.  of  a  battery  and  e  the  back  E.  M.  F.  due  to 
polarisation  of  an  electrolytic  cell  in  the  circuit,  then  the 
current  produced  in  a  circuit  of  resistance  R  is  given  by — 

E  —  e 


The  total  work  done  by  the  battery  per  second  is 
expressed  by  CE,  and  of  this  a  portion  Ge  is  spent  in  doing 
chemical  work  in  the  voltameter  cell,  while  the  remainder 
C  (E  — e),  that  is,  C2  K,  is  spent  in  maintaining  the  current 
C  in  the  circuit,  and  appears  as  heat  in  the  circuit.  Thus 
all  the  energy  of  the  current  is  dissipated  as  heat  in  the 
circuit,  though  all  the  work  done  in  the  battery  may  not 
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be  spent  in  producing  current — in  fact,  the  energy  of  the 
current  represents  the  difference  between  the  work  done  in 
the  battery  and  that  done  at  other  points  in  the  circuit, 
and  really  represents  the  waste  of  energy  in  the  circuit. 
Hence,  if  the  chemical  work  to  be  done  in  a  voltameter 
cell  is  equal  to  or  greater  than  that  which  can  be  done 
in  the  battery,  then  no  current  will  flow.  This  explains 
why  a  single  DanielTa  cell  cannot  decompose  water — the 
energy  necessary  to  decompose  water  into  oxygen  and  hydro- 
gen is  greater  than  that  supplied  by  the  chemical  action 
going  on  in  the  Daniell,  or,  in  other  words,  the  back 
E.  M.  F.  due  to  polarisation  in  the  voltameter  cell  is  greater 
than  the  E.  M.  F.  of  a  single  Daniell. 

87.  Experimental  Verification  of  the  Laws  of  Develop- 
ment of  Heat  in  a  Current.  The  truth  of  the  laws  given 
above  may  be  verified  in  a 
general  way  by  the  follow- 
ing experiment.  A  divided 
circuit  of  two  branches  is 
prepared  as  follows :  one 
branch,  A  a  B  (Fig.  151), 
is  made  up  of  two  pieces  of 
thick  copper  wire  united 
by  a  thin  piece  of  brass  or 
platinum  wire  —  say  two 
feet  long  —  coiled  into  a 
spiral ;  the  other  branch,  Fi  151 

A  b  c  B,  is  similarly  made 

up  of  the  thick  copper  wire  and  two  spirals  of  the  same  thin 
wire — the  length  of  wire  in  each  spiral  is  to  be  exactly  one- 
quai  ter  that  of  the  single  spiral  in  the  branch  A  a  B,  and  the 
total  length  of  thick  copper  wire  should  be  one-half  that  used 
in  A  a  B.  Prepared  in  this  way,  the  resistance  of  the  branch 
A  b  c  B  is  exactly  one-half  that  of  A  a  B ;  and  if  the  points 
A  and  B  be  connected  to  the  terminals  of  a  battery,  the 
current  flowing  through  A  b  c  B  will  be  twice  that  in  A  a  B 
Now  let  us  consider  the  relative  amounts  of  heat  developed 
in  the  spirals  at  a,  b,  and  c.  The  same  current  flows 
through  b  and  c,  and  these  spirals  are  of  equal  resistance; 
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hence  the  rate  of  development  of  heat  will  be  the  same  in  each. 
Again,  comparing  either  b  or  c  with  a,  the  current  in  a  is 
one-half  that  in  b  or  c,  and  therefore,  if  its  resistance  were 
the  same,  the  heat  developed  in  it  would  be  only  one- 
quarter  that  developed  in  b  or  c;  but  the  resistance  of  the 
spiral  being  four  times  greater  than  that  of  b  or  c,  the  heat 
actually  developed  in  it  per  second  must  be  exactly  the 
same  as  for  b  and  c.  Hence,  if  the  laws  of  heating  are 
correct,  heat  should  be  produced  at  the  same  rate  in  each 
of  the  spirals,  a,  6,  and  c.  To  test  if  this  is  so,  let  the 
spirals  be  immersed  in  exactly  equal  amounts  of  water  in 
three  exactly  similar  calorimeters.  Under  these  conditions 
the  temperature  of  the  water  in  each  calorimeter  should 
rise  at  precisely  the  same  rate,  and 
if  the  temperatures  be  noted  and  com- 
pared from  time  to  time,  this  will  be 
found  to  be  the  case. 

One  of  the  most  important  applica- 
tions of  the  heating  effects  of  current 
is  the  incandescent  lamp.  This  con- 
sists of  a  glass  globe  (Fig.  152), 
completely  exhausted  of  air,  and  con- 
taining a  fine  filament  of  carbon 
of  high  resistance  attached  to  ter- 
minals of  platinum  wire  fused 
through  the  glass.  When  a  strong 
current  is  sent  through  the  filament, 
the  carbon  becomes  white  hot,  and, 
being  in  a  vacuum,  does  not  burn, 
but  glows  with  a  steady  bright  light. 
In  arc  lamps  a  strong  current  passes  across  a  small  gap 
between  the  ends  of  two  carbon  rods,  and  the  incandescent 
matter  in  the  gap,  together  with  the  incandescent  ends  of 
the  rods,  is  the  source  of  light.  The  difference  of  potential 
between  the  ends  of  the  carbon  rods  (about  50  or  60  volts) 
is  not  nearly  high  enough  to  spark  across  an  air  gap  be- 
tween them ;  but  if  the  carbons  are  pub  in  contact  for  an 
instant,  the  heat  developed  at  the  point  of  contact  is  great 
enough  to  heat  the  ends  of  the  rods  to  incandescence ;  and 
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if  they  are  then  separated  a  little,  the  incandescent  matter 
in  the  gap  conducts  the  current  across.  The  ends  of  the 
rods  are  thus  kept  glowing,  and  the  bright  arc  between 
them  persists  as  long  as  the  current  passes. 
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CHAPTER  XVI. 
MAGNETO-ELECTRIC  INDUCTION. 

88.  Fundamental  Experiments.  In  the  preceding  chapter 
it  has  been  stated  that  when  work  is  done  in  the  external 
circuit  of  a  battery  a  back  E.  M.  F.  is  set  up  in  opposition  to 
the  main  E.  M.  F.  of  the  battery.  From  this  it  follows  that 
if  by  any  means  we  can  do  work  in  the  external  circuit,  then 
an  E.  M.  F.  in  the  same  direction  as  the  E.  M.  F.  of  the 
battery  will  be  established  in  the  circuit.  Now  if  we  are 
dealing  with  chemical  work,  we  can  do  work  in  the  external 
circuit  by  replacing  the  voltameter,  which  absorbs  energy 
in  the  circuit,  by  a  voltaic  ceU,  which  supplies  energy,  and 
consequently  establishes  an  E.  M.  F.  in  the  circuit  in  the 
same  direction  as  the  E.  M.  F.  of  the  battery.  If  we  are 
dealing  with  the  mechanical  work  done  by  an  electromagnet 
in  the  circuit,  then  we  may  do  work  in  the  external  circuit 
by  doing  mechanical  work  against  the  attracting  or  repell- 
ing force  of  the  magnet.  In  doing  work  in  this  way  an 
E.  M.  F.  is  established  in  the  circuit,  acting  in  the  same 
Direction  as  the  E.  M.  F.  of  the  battery,  and  the  current 
is  increased. 

These  effects  with  an  electromagnet  are  neatly  shown  by 
the  apparatus  of  Fig.  153.  The  circuit  contains  an  electro- 
magnet, M,  and  a  small  incandescent  lamp,  L.  When  the 
magnet  is  allowed  to  do  work  in  attracting  the  keeper  K, 
the  back  E.  M.  F.  produced  diminishes  the  current,  anel  the 
lamp  momentarily  ceases  to  glow,  or  glows  less  brightly. 
If,  however,  work  be  done  against  the  attracting  force  of 
the  magnet  by  quickly  withdrawing  K,  then  the  E.  M.  F. 
produced  inci  eases  the  current,  and  the  lamp  glows  out 
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more  brightly  for  an  instant.  In  the  same  way,  if  another 
magnet  be  employed  instead  of  the  bar  K,  the  forces  of 
attraction  and  repulsion  will  be  stronger,  and  the  effects  are 


Fig.  153. 

more  marked.  If  the  results  of  this  experiment  be  care- 
fully noted,  it  will  be  seen  that  an  E.  M.  F.  is  produced  in 
the  circuit  only  while  work  is  being  done  on  or  by  the 
magnet ;  hence,  with  an  electromagnet  in  the  circuit  there 
is  no  continuous  back  E.  M.  F.  as  there  is  with  a  voltameter, 
1  for  in  a  voltameter  chemical  work  is  always  going  on,  and 
{-therefore  the  back  E.  M.  F.  is  continuous,  but  with  an  electro- 
magnet the  back  E.  M.  F.  appears  only  when  work  is  done, 
and  its  magnitude  depends  upon  the  rate  at  which  work  is 
done. 

It  is  not,  however,  necessary  to  work  with  an  electro- 
magnet to  get  effects  similar  to  these.  Let  an  insulated 
wire  be  coiled  round  a  permanent  bar  magnet,  and  its  ends 
joined  to  the  terminals  of  a  reflecting  galvanometer.  Then 
if  the  magnet  be  made  to  do  work  by  attracting  a  piece 
of  iron  up  to  it,  an  E.  M.  F.  is  set  up  in  the  circuit,  and 
the  current  produced  in  the  circuit  causes  a  deflection  of 
the^  galvanometer  needle.  Similarly,  if  work  is  done  by 


292  CURRENT   ELECTRICITY. 

withdrawing  the  iron  from  the  magnet,  then  an  E.  M.  F. 
in  the  opposite  direction  is  produced,  and  the  resulting 
current  deflects  the  galvanometer  needle  in  the  opposite 
direction.  Further,  from  what  has  been  said  above  in 
connection  with  the  electromagnet,  it  is  evident  that  the 
current  produced  in  the  first  case  flows  round  the  circuit 
in  a  direction  opposite  to  that  of  a  current  which  would 
magnetise  the  magnet  with  its  existing  polarity — that  is, 
in  a  direction  which  would  be  opposed  to  that  of  the  main 
current  in  the  circuit  if  the  magnet  were  an  electro- 
magnet. Similarly,  in  the  second  case,  the  current  pro- 
duced would  be  such  as  to  magnetise  the  magnet  with 
its  existing  polarity. 

It  will  be  understood  that  the  energy  of  currents 
produced  in  this  way  is  the  equivalent  of  the  work  done 
by  or  against  the  magnetic  force  due  to  the  magnet.  Such 
currents  are  said  to  be  induced,  and  the  phenomena  con- 
nected with  them  are  dealt  with  under  the  head  of 
magneto-electric  induction.  When  a  magnet  does  work, 
for  example,  in  attracting  a  piece  of  iron  towards  it,  we 
know  that  the  work  is  done  by  means  of  the  intervening 
medium.  The  strained  medium  possesses  energy,  and  if  the 
state  of  strain  be  altered  in  any  way,  then  some  energy 
may  be  freed  to  do  work,  or  additional  energy  may  be 
absorbed  from  work  done. 

Hence,  in  dealing  with  induction  it  is  simplest  to 
deal  with  the  state  of  the  medium  surrounding  the  circuit 
in  which  the  induced  currents  are  produced.  Considered 
in  this  way,  it  is  found  that  induced  currents  may  be 
produced  in  any  circuit  by  altering  the  flow  of  magnetic 
force  through  that  circuit,  that  is,  a  current  is  produced  in 
any  circuit  whenever  a  change  takes  place  in  the  number 
of  lines  of  force  running  through  the  area  bounded  by  the 
circuit. 

For  example,  in  Fig.  154,  the  number  of  lines  of  force 
which  run  through  the  coil  of  wire  AB  from  the  north 
pole  of  the  magnet  NS  may  be  changed  by  any  relative 
motion  of  the  magnet  and  the  coil.  Thus,  if  AB  be 
moved  to  the  right  away  from  NS,  or  if  NS  be  moved  to 
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the  left  away  from  AB,  then  the  number  of  lines  of  force 
passing  through  the  coil  will  be  decreased,  and  a  current 


Fi*.  154. 


End  view  from  E. 

will  be  induced  in  it  in  a  direction  indicated  by  the  full 
arrowheads  in  the  figure.  Similarly,  if  the  coil  and 
magnet  be  made  to  approach  each  other  by  the  motion 
of  either,  then  the  number  of  lines  of  force  running 
through  the  coil  is  increased,  and  an  induced  current 
traverses  the  coil  in  the  direction  indicated  by  the  dotted 
arrowheads,  that  is,  in  a  direction  opposed  to  that  of  the 
current  induced  by  the  decrease  in  the  number  of  lines  of 
force.  Further,  if  the  magnet  NS  be  suddenly  reversed, 


Fig.  155. 

as  in  Fig.  155,  so  as  to  bring  its  south  pole  next  the  coil, 
the  flow  of  force  through  the  coil   will  also  be  reversed, 
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and  a  strong  induction  current  will  be  produced  in  the 
coil.  The  number  of  lines  of  force  passing  through  the 
coil  are  now  numerically  the  same  as  before,  but  their  sign 
is  opposite,  so  that  by  the  reversal  of  the  magnet  the 
number  of  lines  of  force  running  through  the  coil  have 
been  reduced  from  a  positive  value  down  to  a  numerically 
equal  negative  value. 

If  the  magnet  and  coil  be  moved  relative  to  one  another 
as  before  reversal,  the  same  effects  will  be  produced,  but 
the  directions  of  the  induced  current  will  be  opposite  to 
those  indicated  in  Fig.  154,  when  the  north  pole  of  the 
magnet  was  next  to  the  coil. 

The  direction  of  the  current  in  the  coil  under  given  con- 
ditions may  be  determined  by  the  following  simple  rule. 
If  a  person  look  through  the  circuit  along  the  positive 
direction  of  the  lines  of  force,  that  is,  in  the  direction  in 
which  a  north  pole  would  be  urged,  then,  for  a  decrease  in 
the  number  of  lines  runniog  through  the  circuit,  the  induced 
current  flows  round  the  circuit  in  the  same  direction  as  the 
hands  of  a  clock  move.  It  is  of  the  greatest  importance 
to  understand  that  these  induced  currents  are  momentary, 
and  last  only  while  the  flow  of  force  through  the  circuit 
is  changing. 

The  experiment  illustrated  in  Fig.  154  usually  takes  a 
more  elaborate  form,  suitable  for  the  experimental  verifica- 

A 


Fig.  156. 


tion  of  the  phenomena  of  induction.  The  single  coil  of 
wire  is  replaced  by  a  long  coil  of  wire,  wound  on  a  large 
bobbin,  AB  (Fig.  156),  the  ends  of  the  wire  being  attached 
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to  binding  screws  on  the  baseboard  to  which  the  bobbin  is 
fixed.  The  terminals  of  a  reflecting  galvanometer,  G,  are 
connected  to  these  screws,  and  the  coil  of  the  galvanometer 
thus  completes  the  circuit  of  the  coil  on  AB.  If  a  strong 
magnet  M  be  now  moved  relatively  to  AB — for  example, 
by  thrusting  it  into  the  interior  of  the  coil,  and  then  with- 
drawing it — well  marked  induction  currents  are  produced, 
and  are  indicated  by  the  deflection  of  the  galvanometer  in 
the  circuit.  Thus,  if  the  north  pole  of  the  magnet  be  thrust 
into  the  coil,  the  spot  on  the  scale  is  momentarily  deflected 
in  one  direction,  and  then  comes  to  rest ;  on  withdrawing 
the  magnet  a  deflection  in  the  opposite  direction  is  produced ; 
and  if  the  south  end  of  the  magnet  be  inserted  and  with- 
drawn, reverse  effects  are  obtained. 

Since,  in  order  to  produce  induction  currents  in  a  circuit, 
it  is  only  necessary  to  change  in  any  way  the  flow  of  magnetic 
force  through  the  circuit,  it  is  evident  that  any  relative 
displacement  of  the  magnetic  system  and  the  circuit,  or 
the  introduction  of  any  magnetic  body  into  the  system,  may 
induce  a  current  in  the  circuit.  For  example,  in  Fig.  154, 
if  a  piece  of  soft  iron  be  brought  up  to  AB  from  the  side 
remote  from  the  magnet,  then  an  increased  number  of  lines 
of  force  will  be  drawn  through  the  coil  up  to  the  iron,  and 
a  current  will  therefore  be  induced  in  the  coil ;  or,  if  the 
coil  AB  be  made  to  rotate  round  a  diameter  at  right 
angles  to  the  plane  of  the  paper,  then  it  is  evident  that, 
as  the  coil  rotates,  the  flow  of  force  through  it  will  be 
continually  changed,  and  induction  currents  will  be  set  up 
in  it;  and  the  student  will  find  it  a  useful  exercise  to 
determine,  by  aid  of  the  rule  given  above,  the  direction  of 
the  induced  current  at  any  stage  in  the  revolution. 

From  this  it  will  be  understood  how  the  magnetic  field 
of  the  earth  may  be  made  to  yield  induction  effects.  Let  a 
coil  of  wire  wound  on  a  large  circular  frame  be  constructed 
so  as  to  rotate  freely  round  one  diameter  as  an  axis.  If 
this  coil  be  placed  with  its  axis  vertical,  and  caused  to 
rotate,  the  number  of  lines  of  force  passing  through  the 
coil  will  vary  as  the  coil  spins,  and  currents  will  be  induced 
in  the  coil.  Since  the  axis  of  the  coil  is  vertical,  the  plane 
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of  the  coil  will  always  be  vertical,  and  therefore  the 
vertical  component  of  the  earth's  magnetic  field  need  not 
be  considered,  for  no  vertical  lines  of  force  can  in  this  case 
cross  the  circuit  of  the  coil.  Hence,  under  the  conditions 
here  considered,  we  shall  have  to  do  only  with  H,  the 
horizontal  component  of  the  earth's  field.  Imagine  the  coil 
to  start  rotating  from  a  position  at  right  angles  to  the 
magnetic  meridian,  and  the  east  side  of  the  coil  to  rotate 
towards  the  south.  When  at  right  angles  to  the  magnetic 
meridian,  the  greatest  possible  number  of  lines  of  force  cross 
the  circuit  of  the  coil,  for  the  plane  of  the  coil  is  at  right 
angles  to  the  horizontal  component  of  the  earth's  field,  and 
H  lines  of  force  cross  each  unit  of  area  enclosed  by  the  coil. 
As  the  coil  rotates  the  number  of  lines  passing  through  the 
coil  decreases  until,  when  parallel  to  the  magnetic  meridian, 
the  number  is  diminished  to  zero.  The  total  flow  of  force 
across  the  coil  when  at  right  angles  to  the  meridian  is 
given  by  wAH,  where  n  denotes  the  number  of  turns  of  the 
coil  and  A  the  area  enclosed  by  the  coil ;  for  in  the  case  of 
any  one  turn  the  number  of  lines  of  force  passing  across  it 
is  AH,  if  A  denote  the  area  of  the  single  coil ;  and  as  this 
is  true  for  every  one  of  the  n  turns,  it  is  evident  that  the 
total  flow  of  force  across  the  coil  is  wAH.  Hence,  during 
the  first  90°  of  a  revolution,  starting  from  a  position  at 
right  angles  to  the  magnetic  meridian,  the  flow  of  force 
across  the  coil  decreases  from  wAH  to  zero,  and  the  direc- 
tion of  the  induced  current  will  be  from  west  to  east  (for 
the  starting  position)  along  the  upper  half  of  the  coil.  The 
direction  of  the  induced  current  is  readily  determined  by 
the  application  of  the  rule  given  above.  Suppose  a  person 
to  stand  on  the  south  side  of  the  coil,  so  as  to  look,  as 
specified  in  the  rule,  through  the  coil  along  the  lines  of 
force — that  is,  towards  the  north ;  then,  as  we  are  here 
dealing  with  a  decrease  of  the  flow  of  force  through  the  coil, 
the  induced  current  will  flow  round  the  coil  in  the  same 
direction  as  the  hands  of  a  clock  move — that  is,  from  west 
to  east,  along  the  upper  half  of  the  coil.  During  the  next 
90°  of  rotation  the  flow  of  force  will  evidently  increase  from 
zero  to  nAH,  and  the  direction  of  the  induced  current  will 
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be  from  east  to  west  (for  the  final  position),  along  the  upper 
half  of  the  coil — that  is,  the  current  will  still  be  in  the  same 
direction  in  the  coil  ;  for  although  its  direction  in  space  is 
reversed,  the  position  of  the  coil  is  similarly  reversed  by- 
revolution,  so  that  the  direction  of  the  current  in  the  coil 
is  the  same  during  the  first  180°  of  revolution,  starting 
from  the  position  in  which  the  flow  of  force  through  the 
coil  is  a  maximum.  During  the  next  180°  of  revolution 
the  same  changes  in  flow  of  force  will  take  place  as  de- 
scribed above,  and  a  current  will  be  induced  in  the  coil  in 
the  opposite  direction  to  that  induced  during  the  first  half- 
revolution,  owing  to  the  lateral  reversal  of  the  coil  by  that 
half -revolution.  Hence  daring  each  complete  revolution 
the  direction  of  the  induced  current  changes  as  the  coil 
passes  through  the  position  at  right  angles  to  the  direction 
of  the  lines  of  force  in  the  field.  If  the  terminals  of  the 
coil  be  connected,  one  to  each  half  of  a  ring  cut  into  two 
halves  across  a  diameter,  a  continuous  current  in  one  direc- 
tion may  be  obtained  by  fixing  the  split  ring  on  the  axis  of 
the  coil  and  drawing  off  the  current  by  springs  resting  on 
the  rotating  ring,  and  so  placed  that  each  spring  changes 
from  one  half  of  the  ring  to  the  other  at  the  same  time  as 
the  reversal  of  current  in  the  coil  takes  place.  Such  an 
arrangement  would  be  a  simple  form  of  dynamo. 

If  the  coil  be  fixed  with  its  axis  horizontal  and  parallel 
to  the  magnetic  meridian,  then  the  horizontal  component  of 
the  earth's  magnetic  field  will  not  enter  into  the  varying 
flow  of  force  across  the  coil,  for  the  position  of  the  plane  of 
the  coil  is  such  that  it  is  always  parallel  to  the  horizontal 
lines  of  force.  Hence,  under  these  conditions,  the  vertical 
component  of  the  earth's  field  only  need  be  considered. 

If  the  terminals  of  the  coil  are  connected  with  a  ballistic 
galvanometer,  and  the  throw  of  the  needle  observed,  (1) 
when  the  axis  of  rotation  is  vertical,  and  the  coil  is  quickly 
rotated  through  180°,  starting  from  a  position  at  right 
angles  to  the  magnetic  meridian  ;  (2)  when  the  axis  is  hori- 
zontal and  parallel  to  the  magnetic  meridian,  and  the  coil 
is  quickly  rotat<  d  through  180°,  starting  from  a  horizontal 
position — then  the  angle  of  dip  can  be  ascertained  with  some 
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accuracy  from  the  data  obtained.  For  in  the  first  case  the 
change  in  the  flow  of  force  given  by  2nAH  is  proportional 
to  H,  and  in  the  second  case  the  change  given  by  2nAV  is- 
proportional  to  V.  Hence  (see  next  article)  the  quantity 
of  electricity  flowing  through  the  galvanometer  during  the 
half-revolution  is  in  the  first  case  proportional  to  H,  and 
in  the  second  case  to  V  ;  so  that  if  di  and  d2  denote  the 
throws  of  the  galvanometer  needle  in  the  two  cases,  we= 
have  — 


But  from  Art.  47  — 

-^  =  tan  5,  and  therefore  tan  5  =  -y\ 
JtL  <*. 

The  arrangement  described  above  is  sometimes  called  an. 
Earth  Inductor  or  Delezennds  Circle. 

Another  simple  arrangement  for  obtaining  induced 
currents  by  motion  of  a  conductor  in  a  magnetic  field  is- 
known  as  Faraday  s  Disk  or  Barlow's  Wheel. 

A  circular  disk  or  wheel  of  copper  is  fixed  so  as  to  rotate 
freely  round  a  central  axis  at  right  angles  to  its  plane.  IT 
made  to  rotate  with  its  plane  at  right  angles  to  the  direc- 
tion of  the  lines  of  force  in  a  magnetic  field,  and  a  metal 
spring  be  made  to  press  lightly  on  its  edge,  a  continuous- 
current  will  be  found  to  flow  from  the  spring  to  the  centre 
of  the  wheel,  and  can  be  drawn  off  by  making  connection 
with  the  spring  and  the  metal  axis  of  the  wheel.  In 
some  forms  of  the  arrangement  the  edge  of  the  wheel 
or  disk  (which  is  sometimes  serrated  like  a  circular  saw) 
passes  through  a  small  trough  of  mercury  in  one  part  of 
J^the  revolution,  and  connection  is  thus  made  with  less- 
\j)  friction  than  with  a  spring  pressing  on  the  edge. 
/  I/  89.  Simple  Laws  of  Magneto-Electric  Induction.  In 
the  preceding  article  several  general  laws  have  been  given 
which  may,  perhaps,  for  convenience,  be  again  referred  to- 
here.  It  has  been  found  :  —  • 

(1)  That  a  current  is  induced  in  a  circuit  if  the  number 
of  lines  of  magnetic  force  running  through  the  circuit  is 
changed. 

(2)  That  the  induced  current  is  transient,  and-  lasts  only 
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while  the  change  in  the  flow  of  magnetic  force  through  the 
circuit  is  taking  place. 

(3)  That  the  direction  of  the  induced  current  may  be 
determined  by  the  empirical  rule  given  in  Art.  88. 

In  addition  to  these  general  laws,  there  are  two  more 
precise  laws  which  we  must  notice.  The  intensity  of  an 
induced  current  is  found  to  depend  on  the  rate  at  which 
the  number  of  lines  of  force  passing  through  the  circuit  is 
changed.  Thus,  in  the  experiment  illustrated  by  Fig.  156, 
the  induced  currents  will  be  very  feeble  if  the  magnet  is 
moved  slowly,  but  strong  if  it  is  moved  very  quickly. 
From  inrestigntion  of  this  question  it  is  found  — 

(4)  That  the  electromotive  force  of  the  induced  current 
in  a  circuit  is  measured  by  the  change  per  second  in  the 
number  of  lines  of  force  passing  through  the  circuit.     For 
example,  if  the  lines  of  force  initially  running  through  the 
circuit  number  N,  and  in  t  seconds  they  are  reduced,  say, 
to  N',  then  the  average  E.  M.  F.  of  the  current  induced 
during  the  change  is  given  by  — 

F        y~N/ 

——> 


and  if  II  denote  the  resistance  of  the  circuit,  the  intensity 
of  the  current  is  given  by  — 

E       N  -  N'  N  -  N' 

C  =  K  =  -Tu-;or'C*=-i—  • 

where  Ct  denotes  the  quantity  of  electricity  induced  in  the 
circuit  in  time  t. 

The  application  of  this  law  will  be  more  fully  realised 
by  considering  a  simple  example.  Take  the  case  of  the 
Earth  Inductor  described  in  the  preceding  article  :  the 
change  in  the  flow  of  force  through  the  coil  during  each 
half  revolution  is  2  n  A  H  ;  hence  if  the  coil  make  m  revo- 
lutions per  second,  the  total  change  in  the  flow  of  force 
per  second  is  4  win  AH,  and  this  is  the  difference  of 
potential  between  the  ends  of  the  coil  so  long  as  it  revolves 
uniformly  at  the  rate  of  m  revolutions  per  second.  Also 
if  R  denote  the  resistance  of  the  coil  and  the  external 
circuit  between  its  terminals,  then  4wnAH/K  gives  the 
current  in  the  circuit.  If  A  is  in  square  centimetres  and 
H  in  dynes  per  unit  pole,  the  quantity  4  m  n  A  H  is  in 
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absolute  C.  G.  S.  electro-magnetic  units  of  potential,  and  can 
be  expressed  in  volts  by  dividing  it  by  108 ;  then  if  R  is  in 
ohms,  the  current  in  the  circuit  can  be  calculated  in  amperes. 

Again,  in  the  case  of  Faraday's  disk,  consider  a  radial 
strip  of  the  disk  passing  from  the  centre  to  the  point  of 
contact  with  the  spring.  As  this  strip  rotates  through  a 
small  angle,  0,  the  area  it  cuts  out  is  \  6  r2  where  r  is  the 
radius  of  the  disk  and  0  is  taken  in  circular  measure,  and 
the  number  of  lines  of  force  added  to  the  circuit  is  J  0  r2  H 
where  H  denotes  the  intensity  of  the  magnetic  field  in 
which  the  disk  rotates.  If  the  disk  make  n  revolutions 
per  second,  then  the  time  it  takes  to  describe  an  angle  0 
is  0 1 2  TT  n  seconds,  and  the  rate  of  change  of  the  number  of 
lines  of  force  passing  through  the  circuit  is  (  j  9  r2  H)  / 
(O/Zirn)  =  7rwr2H,  and  this  measures  the  E.  M.  F.  or 
difference  of  potential  between  the  centre  and  the  circum- 
ference of  the  rotating  disk. 

These  laws  of  induction  are  frequently  expressed  some- 
what differently,  in  the  following  form.  If  any  conductor 
(not  forming  a  continuous  circuit)  be  moved  in  a  magnetic 
field  so  as  to  cut  across  lines  of  force,  then  an  electromotive 
force,  measured  by  the  rate  at  which  the  lines  are  cut, 
is  induced  in  the  conductor.  Hence,  if  a  continuous  circuit 
be  moved  in  any  way  in  a  magnetic  field,  different  portions 
of  it  will,  in  general,  cut  across  the  lines  of  force  at  different 
rates,  and  the  electromotive  force  induced  in  the  circuit  will 
be  the  algebraic  sum  of  the  electromotive  forces  induced 
in  each  element  of  the  circuit  considered  as  a  separate 
conductor.  It  is  evident  that  if  the  algebraic  sum  of  the 
electromotive  forces  induced  in  the  circuit  is  zero — that  is, 
if  the  algebraic  sum  *  of  the  lines  of  forces  cut  in  unit  time 
by  each  element  of  the  circuit  is  zero — then  the  total  number 
of  lines  of  force  passing  through  the  circuit  is  constant. 
Hence  it  follows  that  no  current  is  induced  in  the  circuit 
so  long  as  the  number  of  lines  of  force  crossing  the  circuit 
is  constant,  and  also  that  the  induced  electromotive  force 
is  measured  by  the  rate  of  change  in  the  number  of  lines 
of  force  passing  through  the  circuit. 

*  Cut  lines  passing  into  the  circuit  and  lines  passing  out  of  the 
circuit  must  be  taken  with  opposite  signs. 
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Another  law  of  importance  is  Lenz's  law.     It  states — 

(5)  That  when  a  current  is  induced  in  a  circuit  by  the 
relative  motion  of  the  circuit  and  a  magnet  (or  its  equiva- 
lent), the  reaction  of  the  induced  current  is  always  such  as 
to  tend  to  stop  the  motion  which  produces  it. 

For  example,  in  Fig.  156,  if  the  magnet  be  held  as  in  Fig. 
154  with  its  north  pole  next  the  coil,  then,  when  the  magnet 
is  moved  away  from  the  coil,  the  direction  of  the  induced 
current  is  such  that  the  end  A  of  the  coil  is  equivalent  to 
the  south  pole  of  a  magnet,  and  therefore  attracts  the  reced- 
ing north  pole  of  the  magnet.  The  reaction  of  the  induced 
current  thus  tends  to  stop  the  motion  which  gives  rise  to  it. 

Another  illustration  of  the  action  of  Lenz's  law  is  found 
in  Arago's  well-known  experiment.  A  disk  of  copper  is. 
made  to  rotate  in  a  horizontal  plane  immediately  below  a 
delicately  balanced  magnetic  needle,  the  axis  of  rotation 
of  the  disk  being  vertically  below  the  pivot  of  the  needle. 
As  the  disk  rotates  it  is  found  that  the  needle  is  gradually 
deflected  in  the  same  direction  as  the  rotation,  and  if  the 
rate  of  rotation  is  sufficiently  high,  finally  takes  up  a  motion 
of  rotation  in  the  same  sense  as  the  disk,  but  at  a  slower 
rate.  This  result  is  explained  by  the  fact  that  currents  are 
induced  in  the  copper  disk  by  its  rotation  relative  to  the 
magnet,  and  the  reaction  between  the  disk  and  the  needle 
is  in  accordance  with  Lenz's  law  such  as  to  tend  to  stop 
the  motion  of  the  disk,  but  the  needle  being  movable  and 
not  fixed  the  result  of  this  is  that  the  needle  is  itself  set 
in  motion.  The  direction  of  the  induced  current  in  the 
disk  is  such  that  a  current  always  flows  along  the  diameter 
of  the  disk  vertically  below  the  needle  in  such  a  direction, 
as  to  deflect  the  needle  in  the  fame  direction  as  the  rota- 
tion of  the  disk.  The  current  flowing  along  this  diameter 
spreads  out  at  one  end,  and  curving  round  the  sides  of  the 
disk  unites  again  at  the  other  end ;  hence  if  the  disk  has  a 
number  of  radial  slits  cut  in  it,  the  inductive  effect  on  the 
needle  is  much  less  marked. 

In  the  same  way,  if  the  copper  disk  is  fixed,  and  the 
needle  made  to  oscillate,  the  oscillations  quickly  die  away 
and  the  needle  comes  to  rest,  as  the  result  of  the  interaction 
of  the  induced  currents  and  the  oscillating  needle.  This 
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dumping  effect  of  a  copper  plate  under  a  magnetic  needle 
is  sufficiently  well  marked  to  be  of  practical  use. 

Similarly,  if  a  disk  of  copper  be  made  to  spin  rapidly 
between  the  poles  of  an  electromagnet  in  a  plane  at  right 
angles  to  the  lines  of  force,  it  is  much  more  difficult  to  spin 
when  the  current  is  on  than  when  it  is  off ;  and  if  the  disk 
be  put  in  rapid  motion  with  the  current  off.  it  is  quickly 
brought  to  rest  when  the  current  is  put  on.  The  interaction 
of  the  induced  currents  and  the  poles  of  the  magnet  is  such 
as  to  stop  the  motion  of  the  disk. 

It  has  already  been  explained  that  a  solenoid,  or  coil  of 
wire  carrying  a  current,  is  equivalent  to  a  magnet ;  hence 
if,  in  the  experiment  illustrated  by  Fig.  156,  the  magnet 
M  be  replaced  by  a  coil  of  wire  wound  on  a  core  or  bobbin 
small  enough  to  be  thrust  into  the  interior  of  the  coil  AB, 
currents  may  be  induced  in  the  outer  coil  by  moving  the 
inner  coil  while  it  carries  a  constant  current  or  by  varying 
the  strength  of  the  current  while  the  coil  remains  at  rest 
in  the  interior  of  AB.  For  example,  if  the  current  be 
stopped  by  breaking  the  circuit  of  the  inner  coil,  then  a 
current  is  induced  in  the  outer  coil  in  the  same  direction  as 
that  induced  by  the  complete  withdrawal  of  the  coil  when 
it  carries  a  constant  current.  Similarly  the  current  induced 
when  the  current  is  started  is  in  the  same  direction  as  that 
obtained  by  thrusting  the  coil  carrying  the  steady  current 
into  the  interior  of  AB.  If,  while  the  coil  is  inside  AB, 
the  current  be  reversed,  then  the  flow  of  magnetic  force 
through  AB  is  also  reversed ;  and  the  induced  current  is  the 
same  as  that  which  would  be  obtained  if  the  coil  carrying 
the  steady  current  were  suddenly  withdrawn  from  AB  and 
immediately  reinserted  with  its  ends  reversed. 

To  determine  the  direction  of  the  induced  current  in  any 
given  case,  it  must  be  remembered  that  the  "  north  pole  "  of 
the  coil  is  that  end  round  which  the  current  appears,  when 
the  coil  is  viewed  from  that  end,  to  circulate  in  a  direction 
opposite  to  that  of  the  hands  of  a  watch.  The  application 
of  this  fact  to  what  has  been  said  above  gives  the  following 
simple  rule  for  the  direction  of  the  induced  current : 
When  the  current  in  the  inner  coil  is  stopped  or  decreased. 
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or  when  the  coil  carrying  a  steady  current  is  withdrawn, 
the  direction  of  the  itiduced  current  in  the  outer  coil  is  the 
.same  as  that  of  the  current  in  the  inner  coil,  and  consequently 
when  the  current  in  the  inner  coil  is  first  made  or  increased, 
•or  when  the  coil  carrying  a  steady  current  is  inserted  into 
the  outer  coil,  the  direction  of  the  induced  current  in  the 
outer  coil  is  opposite  to  that  of  the  current  in  the  inner 
•coil. 

It  is  of  the  utmost  importance  for  the  student  to  realise 
that  these  induced  currents  are  in  all  cases  only  momentary 
and  exist  only  while  the  variations  of  the  magnetic  field 
to  which  they  are  due  are  in  progress. 

90.  The  Induction  Coil.  Ruhmkorffs  Induction  Coil 
is  an  arrangement  of  two  coils  for  the  production  of 
induced  currents  of  high  electromotive  force.  The  coils 
are  arranged  one  inside  the  other,  the  inner,  or  primary, 
coil  consisting  of  a  amq.]1  m^Km-  r>f  t.iimc  /4'  imnlTwirfi, 
and  the  oiL^er,  ™*  *m?wfa*y,  rni1  nf  n-  ^ry  1ayg?»  number 
of  turns_oi_±hin--wire.  The  coils  are  fixed  in  position  and 
the  induced  currents  in  the  secondary  coil  are  obtained  by 
arranging  that  a  strong  current  in  the  primary  coil  shall 
be  automatically  made  and  broken  a  large  number  of 
times  per  second  by  an  automatic  "make"  and  "break" 
contact  in  the  primary  circuit.  The  induced  currents  thus 
obtained  in  the  secondary  coil  are  of  very  high  potential, 
and  the  terminals  of  the  coil  may  be  made  to  yield  sparks 
and  "  shocks "  in  the  same  way  as  the  prime  conductor 
of  a  frictional  electrical  machine. 

*  Figure  157  shows  a  common  form  of  induction  coil :  the 
primary  and  secondary  coils,  one  inside  the  other,  form 
the  cylinder  A  B,  but  to  strengthen  the  inductive  action 
of  the  primary  on  the  secondary,  an  iron  core  made  up  of 
a  bundle  of  soft  iron  wires  is  fitted  as  the  axis  of  the 
primary  coil.  This  core  increases  the  inductive  effect  by 
increasing  along  the  axis  of  the  coil  the  magnetic  field  due 
to  the  current  in  the  coil,  so  that  when  the  current  is  made 
or  broken  the  change  in  the  flow  of  force  through  the  coil 
is  greater  than  it  otherwise  would  be.  The  automatic 
*  make '  and  *  break '  is  shown  at  C ;  the  terminals  of  the 
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primary  coil  are  seen  at  a,  b ;  the  current  entering,  say  at 
a,  flows  beneath  the  baseboard  to  the  base  of  the  pillar  c* 
and  from  thence  to  the  spring  hammer  d  across  the  screw 
contact  s  between  c  and  d.  The  end  of  the  screw  s  is  tipped 
with  platinum,  and  rests  on  a  small  disc  of  platinum 
attached  to  the  spring  d,  so  that,  as  these  platinum  surfaces 
always  remain  clean,  the  contact  is  always  good.  The 
current  then  passes  round  the  coil,  and  returns  to  the 
terminal  6.  The  action  of  the  '  make '  and  '  break '  will 
now  be  evident:  when  the  current  first  passes,  the  iron 


Fig    157. 

core  of  the  primary  coil  becomes  an  electromagnet  and 
attracts  to  it  the  mass  of  soft  iron  which  forms  the  head 
of  the  spring  hammer  d;  this  results  in  breaking  the 
contact  with  s,  and  the  current  being  now  interrupted  the 
iron  core  ceases  to  be  an  electromagnet,  the  hammer  d  now 
springs  back  into  contact  with  s,  and  again  makes  the 
current.  In  this  way  the  current  is  continuously  made 
and  broken  at  a  very  rapid  rate.  The  arrangement  shown 
at  D  is  a  commutator  by  which  the  current  in  the  primary 
circuit  may  be  reversed  at  will.  The  essential  parts  are 

*  For  simplicity  the  connections  to  the  commutator  D  (described 
below)  are  not  here  referred  to. 
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the  cylinder  J,  which  can  be  rotated  by  the  screw  m,  and 
the  two  upright  springs  p  and  q\  the  cylinder  is  of  a 
ebonite,  and  has  two  strips  of  brass  parallel  to  its  length 
let  into  its  surface,  and  180°  apart.  When  it  is  desired  to 
start  the  current  these  strips  are  brought  into  contact  with 
the  springs,  p  and  q,  and  the  direction  of  the  current  may 
be  reversed  by  turning  the  handle  m  through  180°  and  thus 
interchanging  the  strips  in  contact  with  the  springs.  From 
the  section  shown  in  Fig.  158  it  will  be  seen  how  the  com- 
mutator acts — the  terminals,  a,  6,  (Fig.  157)  are  connected 
to  the  pillars  a',  b'  (Figs.  157,  158)  which  support  the  brass 
axis  of  the  cylinder.  This  axis,  as  the  figure  shows,  is 
divided,  and  one  end  is  connected  to  one  of  the  brass  strips 
on  the  cylinder  and  the  other  end  to  the  other  strip.  The 
springs  p  and  q  are  directly  connected  to  the  ends  of  the 
primary  coil  through  the  make  and  break  0.  From  this 


Fig.  168. 

description  of  the  connections  it  will  at  once  be  evident 
how  the  current  in  the  primary  coil  is  reversed  by  rotating 
the  cylinder  I  through  180°,  so  as  to  interchange  the  springs 
in  contact  with  the  brass  strips. 

The  terminals  of  the  secondary  coil  are  shown  at  S  S 
carrying  discharging  lods,  between  the  ends  of  which  sparks 
can  be  made  to  pass  when  their  distance  apart  is  not  too 
great. 

*  91.  Self-induction.  It  has  already  been  explained  that 
a  change  in  the  flow  of  magnetic  force  through  a  coil  of 
wire  produces  an  induced  current  in  the  coil.  Now,  when 
a  current  is  first  started  in  a  coil  of  wire  a  magnetic  field 
due  to  this  current  is  suddenly  established  in  the  medium 
around  the  coil,  and  consequently  there  is  a  sudden  change 
in  the  flow  of  magnetic  force  through  the  circuit.  The 
result  of  this  is  that  a  current  is  induced  in  the  coil,  and 

Map.  20 
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from  the  law  given  above  the  direction  of  this  induced 
current  will  be  opposed  to  that  of  the  primary  current  to 
which  it  is  due.  Similarly,  when  the  current  in  the  circuit 
is  broken,  the  flow  of  force  due  to  it  through  the  coil  is 
suddenly  destroyed,  and  an  induced  current  in  the  same  direc- 
tion as  the  primary  current  is  produced.  As  these  induced 
currents  are  the  result  of  very  rapid  changes  in  the  flow 
of  magnetic  force  through  the  circuit  in  which  they  are 
induced,  they  are  of  very  high  electromotive  force.  This  is 
readily  seen  when  the  current  in,  a  coil  of  several  turns  is 
broken :  a  spark  will  be  seen  to  leap  across  the  small  gap 
made  at  the  point  of  interruption  of  the  current,  showing 
that  the  E.  M.  F.  of  the  induced  current  is  great  enough  to 
spark  across  the  gap  in  the  circuit. 

These  induction  currents  are  said  to  be  due  to  the  self- 
induction  of  the  circuit  because  they  are  the  result  of  the 
magnetic  effects  attendant  on  the  making  and  breaking  of 
th/3  current  in  a  circuit  on  that  circuit  itself,  and  not  on 
a  secondary  circuit,  as  in  the  experiments  of  Art.  88. 

These  induced  currents  due  to  self-induction  are  a  source 
of  trouble  in  the  action  of  induction  coils.  When  the  current 
is  made  in  the  primary  coil,  the  induced  current  opposed  to  it 
retards  the  rise  of  the  primary  current,*  and  consequently 
diminishes  the  inductive  effect  on  the  secondary.  Similarly, 
when  the  current  is  broken,  the  induced  current  in  the  same 
direction  as  the  primary,  sparks  across  the  interrupter,  thus 
making  the  break  less  sudden  and  definite  than  it  otherwise 
would  be.  The  sparking  would  also  spoil  the  surfaces  of 
contact  of  the  interrupter.  To  prevent  these  effects,  a 
condenser,  made  of  sheets  of  tin-foil  and  paraffined  paper, 
is  connected  with  the  primary  circuit ;  one  pole  of  it  is  con- 
nected to  the  pillar  of  the  screw  s  (Fig.  157),  and  the  other 
to  the  spring  hammer  d.  The  action  of  this  condenser  may 
be  briefly  explained  thus.  When  the  current  is  made, 

*  When  a  current  is  made  or  broken  in  a  circuit,  it  does  not  attain 
its  full  intensity  nor  become  reduced  to  zero  instantaneously,  but  a 
finite  time  is  required  for  the  change  to  be  effected,  and  it  is  during 
this  small  interval  of  rapid  change  that  the  induction  currents  are 
produced. 
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the  condenser  is  at  the  same  time  charged,  and  thus  the 
current  takes  a  comparatively  long  time  to  attain  its 
maximum  intensity,  and  the  inductive  effect  attendant  on 
the  make  (both  on  its  own  circuit  and  on  the  secondary 
circuit)  is  very  greatly  reduced  Again,  when  the  current 
is  broken  the  self-induced  current,  having  to  charge  the 
condenser,  is  not  able  to  spark  across  the  break,  and  thus 
the  current  is  very  suddenly  broken.  Further,  the  electri- 
city so  stored  in  the  condenser  being  unable  to  leap  across 
the  break  in  the  circuit,  at  once  discharges  round  the 
primary  coil,  but  in  the  opposite  direction  to  that  of  the 
primary  current— that  is,  in  the  opposite  direction  to  that  in 
which  it  would  have  passed  had  it  been  able  to  spark  across 
the  break.  In  this  way  the  extra-current  at  break  is  made 
a  help  instead  of  a  hindrance.  The  secondary  induced 
current  at  make,  we  see,  is  thus  practically  suppressed,  while 
that  at  break  is  intensified,  so  that  in  an  ordinary  induction 
coil  the  secondary  induced  currents  are  those  due  to  the 
breaks  of  the  primary  current. 

*  92.  A  simple  form  of  Dynamo.  Clark's  machine,  shown 
in  Fig.  159,  although  now  practically  obsolete,  is  a  simple 
form  of  Dynamo,  or  machine  in  which  the  current  is  pro- 
duced by  magneto-electric  induction.  The  coils  c,  c,  are 
rotated  by  means  of  the  wheel  W  in  front  of  the  compound 
horse-shoe  magnet  M.  The  coils  c,  c,  are  wound  on  cores 
of  soft  iron,  and  the  wire  with  which  they  are  wound  is 
continuous,  and  so  wound  on  the  coils  that  the  current 
induced  in  one,  say  when  leaving  the  north  pole  of  the 
magnet,  is  in  the  same  direction  along  the  wire  as  that 
induced  in  the  other  coil  when  leaving  the  south  pole.  If 
the  student  follow  out  the  directions  of  the  induced  currents 
in  the  coils  he  will  find  that,  as  in  the  case  of  the  Earth 
Inductor,  the  direction  of  the  current  in  the  wire  is  reversed 
at  each  half  revolution,  and  hence  a  commutator  C  has  to  be 
connected  to  the  circuit  of  the  coils.  The  ends  of  the  wire 
wound  on  the  coils  are  connected  to  a  split  ring  fitted  on 
the  axis  of  revolution  of  the  coils.  This  axis  is  of  ebonite 
or  other  insulating  material,  and  the  split  ring  is  a  broad 
ring  of  brass  split  into  two  halves  by  two  slits  parallel  to 
its  length.  Two  upright  springs,  s, «,  press  on  this  ring,  and 
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are  connected  at  their  lower  ends  to  the  terminals  of  the 
machine.  As  the  coils  revolve  the  current  in  the  wire  is, 
as  we  have  said,  reversed  at  each  half-revolution  ;  but  at 
each  half-revolution  there  is  also  an  interchange  of  the 
halves  of  the  split  ring  in  contact  with  the  contact  springs, 


Fig.  159. 

and  thus  the  current  derived  from  the  terminals  of  the 
machine  is  always  in  the  same  direction. 

Eapid  rotation  of  the  coils  in  front  of  the  poles  of  the 
magnet  results  in  a  continual  change  in  the  flow  of  magnetic 
force  though  the  coils,  and  if  the  magnet  is  strong  and  the 
number  of  turns  of  wire  on  the  coils  very.great,  the  E.  M.  F. 
of  the  induced  currents  may  be  very  great. 
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The  well-known  "  medical  coils"  are  made  in  this  way,  but 
the  magnet  is  usually  provided  with  a  keeper  of  soft  iron 
whose  position  may  be  adjusted  so  as  to  vary  the  strength 
of  the  magnetic  field  in  which  the  coils  revolve,  and  thus 
regulate  the  strength  of  the  induced  currents.  For 
example,  when  the  keeper  is  placed  across  the  poles  of  the 
magnet  most  of  the  lines  of  force  pass  through  it,  and  the 
external  field  in  which  the  coils  revolve  is  very  small ;  but  as 
the  keeper  is  withdrawn  from  the  poles  the  strength  of  the 
external  field  gradually  increases,  as  the  distance  between 
the  keeper  and  the  magnet  poles  increases. 

In  all  modern  forms  of  dynamos  electro-magnets  are 
used  &s  jield-magnets  instead  of  permanent  magnets,  and  the 
current  by  which  they  are  excited  may  be  provided  by  a 
separate  battery  (separately  excited),  or  more  usually  by  the 
current  induced  in  the  coils.  In  this  latter  case  (self- 
excited)  the  current  is  started  in  the  coils  by  the  action  of 
the  iron  cores  of  the  electro-magnet  as  feeble  permanent 
magnets,  for  if  these  cores  have  been  once  strongly  excited 
they  always  retain  more  or  less  residual  magnetism,  accord- 
ing to  the  quality  of  the  iron. 

In  self-excited  dynamos  the  current  induced  in  the  coils 
may  all  pass  round  the  coils  of  the  field-magnets,  or  a  portion 
of  it  may  be  shunted  round  them.  In  the  former  case  the 
dynamo  is  said  to  be  series  wound,  and  in  the  latter  case 
shunt  wound.  When  both  methods  of  winding  are  com- 
bined the  machine  is  said  to  be  compound  wound. 
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93,  THE  electromagnetic  unit  of  current  is  that  current  which,  flowing 
in  an  arc  of  unit  length  and  unit  radius,  produces  a  magnetic  field 
of  unit  intensity  at  the  centre  of  the  arc.  (Art.  71.) 

The  intensity  of  the  magnetic  field  at  the  centre  of  a  thin  coil  of 
n  turns  carrying  a  current  C  is  given  by  — 

(Arts.  70,  71.) 

where  r  denotes  the  mean  radius  of  the  coil. 

In  a  tangent  galvanometer  with  a  thin  coil  of  n  turns  and  mean 
radius  r  the  relation  between  the  current,  C,  and  the  deflection,  a, 
which  it  produces,  is  given  by  — 

C  =  J5  tan  a, 
2irn 

where  H  denotes  the  horizontal  intensity  of  the  magnetic  field  in 
which  the  needle  lies—  usually  this  is  the  horizontal  component  of 

the  earth's  magnetic  field.     The  factor  £—  is  known  as  the  marking 

constant  or  reduction  factor  of  the  galvanometer  and  is  frequently 
denoted  by  k.  the  above  relation  being  written  C  =  k  tan  a. 

(Art.  73.) 

Similarly  in  a  sine  galvanometer  under  the  same  conditions  we 
have— 


or 

C  -  k  sin  a,  (Art.  74.) 

where  k  denotes  the  reduction  factor  of  the  galvanometer. 

*  The  needle  of  the  galvanometer  is  here  supposed   to  be  short  like  that  of  a 
tangent  galvanometer. 
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By  Ohm's  Law  we  have — 

°  <-*•->  - 1%3- 

1  volt          =  10s  C.G.S.  units. 
1  ohm         =  HP      „          „ 

1  ampere    =  —        ,,        unit 

or  10  amperes  =1         ,,          „ 

(Arts.  76,  79.) 

A  eovlomb  is  the  electromagnetic  unit  of  quantity  of  electricity, 
and  is  the  quantity  conveyed  by  a  current  of  one  ampere  in  one 
second. 

If  R  denote  the  resistance  of  a  conductor  of  length  I  and  area  of 
cross  section  a  made  of  material  of  specific  resistance  S,  then — 

R  =  S  -L  (Art.  78.) 

Hence  the  specific  resistance  of  any  substance  is  the  resistance 
of  a  conductor  of  that  substance  of  unit  length  and  unit  area  of  cross 
section. 

The  resistance  of  a  conductor,  in  general,  increases  with  tempera- 
ture. If  R/  denote  the  resistance  of  a  given  conductor  at  t°  C.,  R0  its 
resistance  at  0°  C.,  and  a  the  co-efficient  of  increase  of  resistance  with 
temperature,  then  as  an  approximate  relation  we  have-— 

Rt    =  Ro  (1  +  at).  •    (Art.  78.) 

[For  most  pure  metals  the  value  of  a  is  about  -0038.] 
The  joint  resistance  of  two  conductors  of  respective  resistances  r, 
and  r2  joined  in  parallel  arc  is  given  by — 


and  the  ratio  of  the  currents  in  the  two  conductors  is  the  inverse  of 
that  of  their  resistances ;  that  is, 

£i  =  J.  (Art,  78.) 

^2  71 

The  current  given  by  a  battery  of  n  cells  in  series,  each  of  electro- 
motive force  E  and  internal  resistance  r,  through  an  external  re- 
sistance R,  is  given  by — 
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With  the  same  cells  in  parallel  the  current  is  given  by — 

C  =       E      ,      ^ 
r  4.  -R        r  +  nK 
n  +  (Art.  79.) 

If  we  have  m  n  cells,  each  of  electromotive  force  E  and  resistance  r, 
arranged  in  n  rows  in  series  each  row  containing  m  cells  grouped  in 
parallel,  then  the  current  given  by  this  grouping  through  an  external 
resistance  R  is  given  by — 

~  +  B"  (Art.  79.) 

To  obtain  the  strongest  current  from  this  arrangement  we  must 
have — 


That  is, 

nr  =mE.  (Art.  79.) 

If  the  resistance  between  two  points  on  a  simple  conductor  be 
denoted  by  E  and  the  current  in  the  conductor  by  C,  then  the 
difference  of  potential  between  those  two  points  is  given  by — 

e  =  CR.  (Arts.  76,  79.) 

[This  relation  is  the  algebraic  expression  of  KirchhofFs  second 
law.] 

The  chemical  equivalent  of  an  element  is  the  number  obtained  by 
dividing  the  atomic  weight  of  the  element  by  its  valency. 

The  electrochemical  equivalent  (per  ampere)  of  an  element  is  the 
mass  of  that  element  liberated  in  one  second  by  a  current  of  one 
ampere.  The  electrochemical  equivalent  of  any  element  is  obtained 
by  multiplying  the  electrochemical  equivalent  of  hydrogen  (0'00001035 
gram)  by  the  chemical  equivalent  of  the  given  element. 

The  relative  masses  of  different  elements  liberated  by  the  electro- 
lytic action  of  the  same  current  are  directly  proportional  to  their 
chemical  equivalents.  (Arts.  83,  84.) 

The  mass  of  an  ion  liberated  in  a  time  t  by  a  current  C  is  given 
by— 

m  =  Cwt, 

where  TV  denotes  the  electrochemical  equivalent  of  the  ion. 

(Art.  84.) 

If  a  current  C  flow  for  a  time  t  round  a  circuit  in  which  the  effec- 
tive E.  M.  F.  is  E,  then  the  work  done  in  maintaining  the  current  for 
the  time  t  is  given  by — 

W  -  C*.E.  (Art.  85.) 
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If  C  and  E  be  expressed  in  electromagnetic  units,  and  t  in  seconds, 
then  W  is  given  in  ergs. 

From  this  we  have  that  the  activity  of  the  battery  supplying  the 
current  is  given  by  CE.  (Art.  85.) 

Here,  if  C  be  expressed  in  amperes  and  E  in  volts,  then  the  activity 
is  given  in  watts. 

The  watt  is  a  unit  of  power  or  activity  equal  to  107  ergs  per  second, 
or  such  that  746  watts  equal  one  horse- power.  (Art.  85.) 

The  heat  produced  in  a  conductor  ot  resistance  R  by  a  current  C 
in  a  time  t  is  given  by — 

H  -  25?,  (Art.  86.) 

J 

•where  J  (Joule's  equivalent)  denotes  the  quantity  of  work  equivalent 
to  unit  quantity  of  heat. 

[In  C.G.S.  units  J  =  4-2  x  107  ergs.] 

If  C  be  expressed  in  amperes,  R  in  ohms,  and  t  in  seconds,  then  this 
relation  reduces  to — 


H  -  -— -  =  C2R£  x  0-24  gram-degree. 

[The  process  of  reduction  is  as  follows — 

C  (amperes)  =  C  x  10-'  C.G.S.  units. 
R(ohms)       =  R  x  109        „          „ 

„        C2R£        C2  x  10-2  x  R  x  10"  x  t  _  C2R£  x   1Q7       

4-2  x  107  "    4-2  x   107     =    4-2 


EXAMPLES  IV. 

1.  The  coil  of  a  tangent  galvanometer  consists  of  10  turns  of  fine 
-wire  on  a  narrow  ring  of  22  cm.  radius.  Find  the  intensity  of  the 
magnetic  field  at  the  centre  of  the  coil  when  a  current  of  one  ampere 
passes  through  it. 

The  intensity  of  the  magnetic  field  at  the  centre  of  the  coil  is 
given  by — 

I  =  2irnC 
r 

Here  n  =  10 ;  C  —  1  ampere  =  ^  C.G.S.  unit ;  and  r  -=  22  cm. 

Therefore— 

T       2x22x10x1        2  , 

7   x  22  x   10      "dyQe- 


314  CURRENT    ELECTRICITY. 

2.  Calculate  the  reduction  factor  of  the  tangent  galvanometer  re- 
ferred to  in  the  preceding  question,  and  find  the  deflection  which  a 
current  of  0'21  ampere  would   produce  when  passed  through  th& 
instrument. 

The  reduction  factor  of  the  galvanometer  is  given  by — 

rH 

1  "27? 
Hence,  taking  H  =  0'18  dyne,  we  have — 

OO      y     -IS     X     7 

k  =  7T 01        m  =  '063»  for  O.G.S.  units. 

/      X      £i£i     X      1U 

Also  if  a  denote  the  deflection  produced  by  a  current  of  O21  ampere, 
that  is,  0-021  C.G.S.  units,  then  from— 

C  -  k  tan  a, 
we  have— 

•021  =  -063  tan  a, 
or 

•021        1 
tana  =  -063  =-3" 

That  is,  a  is  an  angle  whose  tangent  is  -5,  and  is  therefore  an  angle 
of  about  18°  26'. 

3.  A  sine  galvanometer  with  a  short  needle  is  used  as  a  tangent 
galvanometer,  and  when  a  given  current  is  passed  through  it  a  deflec- 
tion of  30°  is  produced.     Find  the  deflection  which  the  same  current 
should  produce  if  the  instrument  were  used  as  a  sine  galvanometer. 

Here,  when  the  galvanometer  is  used  as  a  tangent  galvanometer,  we 
have — 

C  =  k  tan  a,, 

and  when  used  as  a  sine  galvanometer  we  have — 

C  =  k  sin  04. 
And  from  the  conditions  of  the  question  we  have— 

k  tan  a,  =  k  sin  av 
or 

tan  at  =»  sin  a2. 
But 

a,  =  30°; 
therefore, 

tan  30  =  sin  a?. 
or 

-r=  =  sin  cu. 
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That  is,  a,  is  an  angle  whose  sine  is  -7-  or  —  (=»  "577),  and  is 
therefore  an  angle  of  about  35°  16'. 

4.  Find  the  specific  resistance  of  copper  at  0°  C.,  given  that  the 
resistance  at  15°  C.  of  a  copper  wire  1  metre  long  and  0-0376  cm.  in 
diameter  is  0'157  ohm. 

Here,  applying  the  relation — 


we  get — 


E-Bi, 


»f 


And  from  the  data  of  the  question  — 
R  =  0-157  ohm. 

a  =  (a-,-2)  =  3'H16  x  (0'0188)2  =  OO0111  sq.  cm. 

1=1  metre  =  100  cm. 
Therefore, 


8  =  °'157  =  -0000017427  ohm. 

This  is  the  specific  resistance  of  copper  at  15°  C. 

To  determine  the  specific  resistance  at  0°  C.  we  must  know  the  co- 
efficient of  increase  of  resistance  with  temperature.  For  copper  the 
value  of  this  co-efficient  is  0-00387. 

Hence,  in  the  relation— 

Rt   =  Ro  (1  +  at), 
we  have  — 

•0000017427  =  R0  (1  +  '00387  x  15), 

-  Ro  (1'058). 

oh*. 


.. 

That  is,  the  specific  resistance  of  copper  at  0°  <J.  is  -0000016472  ohm 
or  1647-2  C.G.S.  units. 

5.  A  battery  made  up  of  5  Bunsen's  cells,  each  of  E.  M.  F.  1'8  volte 
and  internal  resistance  '2  ohm.  has  its  terminals  joined  by  two  wirea» 
A  and  B,  arranged  in  parallel.  The  resistance  of  A  is  6  ohms  and 
that  of  B  is  3  ohms  ;  find  the  strength  of  the  current  in  each  wire. 

Here,  the  total  E.  M.  F.  in  the  circuit  is  — 

5  x  1-8  =  9  volts. 
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The  internal  resistance  of  the  battery  is — 
5  x  -2  =  1  ohm. 
The  external  resistance  of  the  circuit  is  given  by— 

Jr!  -  "  - '  — 

Therefore  the  total  resistance  of  the  circuit  is  3  ohms,  and  by 
Ohm's  Law  the  total  current  in  the  circuit  is  given  by — 

E       9 
C  =  -^  =  •£  =  3  amperes. 

In  the  external  circuit  this  current  of  3  amperes  is  divided  between 
A  and  B  in  the  inverse  ratio  of  their  resistance. 
That  is, 

3  1 

Current  inA  =  -x3  =  -x3  =  l  ampere, 

\j  O 

and 

Current  inB  =  -x3  =  -x  3  =  2  amperes. 

y  ft 

6.  A  battery  is  made  up  of  10  Daniell's  cells  joined  in  series.  A 
very  high  resistance  galvanometer  is  connected  to  the  terminals  of 
the  battery  and  shows  a  deflection  of  156  divisions.  Without  dis- 
connecting the  galvanometer,  the  terminals  of  the  battery  are  now 
joined  by  a  wire  of  10  ohms  resistance,  and  the  galvanometer  deflec- 
tion falls  to  52  divisions.  Find  the  average  resistance  of  the  battery 
cells. 

Here,  as  in  Art.  79,  if  E  denote  the  E.  M.  F.  of  the  battery  and  e  the 
potential  difference  of  the  terminals,  then — 

E  =  C  (10  +  B), 
and 

e  -  C  x  10, 

where  C  denotes  the  current  in  the  circuit  when  the  terminals  are 
joined  by  the  wire,  and  B  the  internal  resistance  of  the  battery. 
Hence  we  have — 

E_       10  +  B 

e   ~       10       ' 
But 

E       156       3  ,.    .   „. 

7-ir-l*  <Art-79-) 

therefore, 
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B  =  20  ohms. 
Hence  the  average  resistance  of  a  battery  cell  is— 

*>  = 

7.  The  same  current  passes  through  a  copper  and  a  silver  voltameter 
arranged  in  series  in  the  circuit  of  a  battery  of  10  Darnell's  cells.     If 
10-8  grams  of  silver  are  deposited  in  the  silver  voltameter  in  a  given 
time,  find  the  amount  of  copper  deposited  in  the  copper  voltameter, 
and  the  amounts  of  copper  and  zinc  respectively  deposited  and  dis- 
solved in  the  battery  in  the  same  time. 

The  amount  of  the  elements  deposited  in  each  cell  in  the  circuit 
will  be  proportional  to  the  chemical  equivalents  of  the  elements. 
The  chemical  equivalents  of  silver,  copper,  and  zinc  are  (approxi- 
mately)— 

Ag  =  108. 

Cu  =  31-5. 

Zn  =  32-5. 

Hence  we  have  for  each  cell — 

Ag     :    Cu     :    Zn    :  :    108     :    31-5     :    32-5 
That  is, 

10-8     :    wl      :    w2     ::     108     :    31-5    :     32-5 
Therefore 

w,  =  3-15 
and 

w,  =  3-25 

That  is,  in  each  cell  in  the  circuit  3-15  grams  of  copper  are  deposited 
and  3*25  grams  of  zinc  are  dissolved  during  the  time  that  10*8  grama 
of  silver  are  deposited. 

Therefore, 

Copper  deposited  in  voltameter  cell        —    3*15  grams. 

„  „         „  battery  (10  cells)   —  31-5      „ 

Zinc  dissolved        „          „  „  =  32*5      „ 

8.  In  an  experiment  to  determine  the  reduction  factor  of  a  tangent 
galvanometer  it  was  found  that,  in  30  minutes,  1*1081  grams  of 
copper  were  deposited  on  the  negative  plate  of  a  copper  sulphate 
voltameter.    The  deflection  of  the  galvanometer  was  constant  at  35° 
during  the  experiment. 
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Determine  from  these  data  the  required  constant,  taking  the  electro- 
chemical equivalent  of  copper  to  be  -0003275  gram  per  ampere. 
From  the  relation — 

m       Cwt 
we  have — 

c     - 

wt 
Also 

C  =  k  tan  8, 

where  k  denotes  the  reduction  factor  of  the  galvanometer. 
Hence 

—        Ti  tan  5. 
That  is, 

k  -  — —^ „  (Art,  84.) 

wt  .  tan  5 

Substituting  the  data  of  the  question  in  this  relation  we  get — 

k  =  -0003275  x  30  x  60  x   tan  35°' 
From  tables  we  get  tan  35°  •=  •?. 
Therefore, 

*  =  "O"1 


-0003275   x   30  x   GO  x   -7 

This  is  the  value  of  the  reduction  factor  which,  when  used  in  the 
relation  C  =  k  tan  8,  gives  C  in  amperes. 

9.  The  same  current  is  passed  through  a  silver  voltameter  and  a 
platinum  wire  of  10  ohms  resistance.     In  twenty  minutes  '6708  gram 
of  silver  are  deposited  in  the  voltameter ;  find  the  rate  at  which  heat 
is  developed  in  the  wire. 

Here  from — 

m  •=  C  w  t  or  C  =  ~, 
we  have — 

C  -  -001U86x7°20  x   60  -  '5  amPere' 
Hence  the  heat  developed  in  the  wire  per  second  is — 
H  =  C*R  x  -24  =  (-5)2  x  10  x   -24  =  -6  calorie. 

10.  Water  is  heated  by  a  spiral  of  platinum  wire  immersed  in  it. 
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The  resistance  of  the  wire  is  74'6  ohms  aud  it  carries  a  current 
of  10  amperes  ;  find,  in  horse-power,  the  rate  at  which  energy  is 
spent  in  heating  the  water. 

Here  the  rate  at  which  energy  is  expended  in  heating  the  platinum 
wire  (and  therefore  the  water)  is  given  by — 

Activity  =  C'R  =  (10) 2  x  74'6  watts  =  10°7*6'46  -  10  horse-power. 

11.  Describe  the  action  of  an  electric  current  on  a  magnet,  and 
explain  how  it  is  made  use  of  in  a  galvanometer. 

There  are  25  turns  of  wire  in  a  galvanometer  coil,  the  mean  radius 
of  which  is  150  cm.  Assuming  the  value  of  H  to  be  0-18,  find  the 
current  which  will  deflect  a  magnet  placed  at  the  centre  of  the  coil 
45°.  If  the  resistance  of  the  circuit  including  the  battery  be  3  ohms, 
find  the  electromotive  force  required  to  produce  the  current. 

12.  Show  that  the  strength  of  a  current  passing  round  a  tangent 
galvanometer  is  proportional  to  the  tangent  of  the  angle  of  deflection. 

A  circuit  is  formed  containing  galvanometer,  battery,  and  connect- 
ing wires,  the  total  resistance  of  the  circuit  being  4-85  ohms.  The 
galvanometer  shows  a  deflection  of  48 i°.  When  a  piece  of  platinum 
wire  is  introduced  into  the  circuit,  the  deflection  falls  to  29°.  From 
these  data  determine  the  resistance  of  the  platinum  wire,  given 
tan  48J°  =  M30,  and  tan  29°  =  0'554. 

13.  Explain  fully  the  meaning  of  Ohm's  Law.     What  is  the  re- 
sistance of  a  conductor  ? 

A  Menotti  cell  of  40  ohms  internal  resistance  is  connected  by  thick 
wires  with  the  terminals  of  a  tangent  galvanometer,  formed  by  a 
single  ring  of  stout  copper  wire.  The  deflection  is  45°.  Three  similar 
cells  of  the  same  resistance  are  then  connected  in  series  with  the 
first.  What  is  the  deflection  of  the  galvanometer  needle-?  Would 
any  other  arrangement  of  the  four  cells  give  a  stronger  current,  and 
why? 

14.  A  length  of  uniform  wire,  of  resistance  12  ohms,  is  bent  into 
a  circle,  and  two  points  at  a  quarter  of  the  circumference  apart  are 
connected  with  a  battery  whose  resistance  is  1  ohm  and  electromotive 
force  3  volts  ;  find  the  currents  in  the  different  parts  of  the  circuit. 

15.  A  battery  of  4  ohms  internal  resistance  is  sending  a  current 
through  an  external  resistance  of  6  ohms.     The  terminals  of  the 
battery  are  connected  to  the  electrodes  of  a  reflecting  electrometer, 
and  the  deflection  on  the  scale  is  100  divisions.     What  will  the  deflec- 
tion be  when,  everything  e'se  remaining  the   same,   the  external 
circuit  is  broken  ? 

16.  Three   voltaic  cells    A,  B,  C,  whose  respective  electromotive 
forces  and  resistances  are  as  follows,  namely — 

ABC 

Electromotive  force        .        .        .         1-07         1-54         1 '9  volts, 
Resistance  -72         2*3  '1  ohms, 
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are  connected  in  series,  and  the  circuit  is  completed  by  a  wire  of 
resistance  5-9  ohms.    Determine  the  strength  of  the  current  produced. 
If  the  cell  B  were  removed  and  jeplaced  in  the  circuit  with  its 
terminals  inverted,  what  would  be  the  strength  of  the  current  ? 

17.  State  the  law  of  the  division  of  an  electric  current  in  two 
branches  of  a  circuit,  when  part  of  the  current  is  shunted. 

A  tangent  galvanometer  of  4  ohms  resistance  forms  part  of  a 
circuit  whose  total  resistance  is  80  ohms.  The  galvanometer  is  then 
shunted  by  a  wire  whose  resistance  is  4  ohms.  Find  the  ratio  of  the 
currents  in  the  galvanometer  before  and  after  it  is  shunted. 

18.  Define  carefully  strength  of  electric  current,  electromotive  force, 
and  resistance.     What  resistance  should  a  wire  have  which,  when 
connected  across  the  terminals  of  a  galvanometer  whose  resistance  is 
3663  ohms,  would  let  one-hundredth  part  of  the  whole  current  pass 
through  the  galvanometer,  and  ^Vths  through  itself  ? 

19.  What  is  the  current  in  a  circuit  which  consists  of  a  battery  of 
10  similar  cells  arranged  in  series  and  a  wire  of  24  ohms  resistance  1 
(Each  of  the  cells  has  an  electromotive  force  of  T8  volts,  and  an 
internal  resistance  of  '3  of  an  ohm.) 

20.  Eight  cells,  each  with  half  an  ohm  internal  resistance,  and 
1*1  volts  E.  M.  F,  are  connected,  (a)  all  in  series,  (&)  all  in  parallel,  (c) 
in  two  parallel  sets  of  four  cells  each  :  calculate  the  current  sent  in 
each  case  through  a  wire  of  resistance  '8  ohm. 

21.  An  electrical  current  may  pass  from  A  to  B  by  either  of  two 
wires  ACB,  ADB,  the  resistances  of  which  are  3  and  7  respectively. 
What  will  be  the  resistance  of  a  single  wire  which  replaces  ACB  and 
ADB  in  such  a  way  as  not  to  produce  any  alteration  in  the  current 
in  the  rest  of  the  circuit  ? 

22.  A  wire  is  formed  into  a  circle,  1  foot  in  diameter,  and  two 
points,  A  and  J?,  a  quarter  of  the  circumference  apart,  are  connected 
to  the  poles  of  a  battery  of  E.  M.  F.  3  volts  and  resistance  5  ohms.    If 
1  foot  of  the  wire  have  a  resistance  of  6  ohms,  find  the  current  in  the 
battery  and  in  the  two  parts  of  the  wire. 

23.  Explain  the  effects  on  the  current  from  a  battery  of  the  size  of 
the  plates,  their  closeness  together,  the  number  of  cells  in  series,  and 
the  number  in  parallel  (a)  when  the  external  resistance  is  small, 
(J)  when  it  is  large. 

24.  A  current  from  three  Daniell's  cells  in  series  is  passed  througn 
solutions  of  nitrate  of  silver,  of  sulphuric  acid,  and  of  sugar  of  lead, 
all  in  series  ;  platinum  electrodes  being  used.     How  much  hydrogen 
is  liberated,  how  much  sulphuric  acid  decomposed,  and  how  much 
lead,  copper,  and  silver  deposited,  by  the  time  half  a  gram  of  zinc 
has  been  fairly  dissolved  in  each  cell  ?     If  all  this  occurs  in  30  minutes, 
what  is  the  strength  of  the  current  ?  being  given  that  unit  current 
(one  ampere)  deposits  4  grams  of  silver  in  an  hour. 

N.B.— Atomic  weights :  F  =  1,  O  =  16,  S  =  32,  Cu  =  63-5,  Zn  =  65, 
Ag  =  108,  Pb  =  207. 
26.  A  current  produces  35  c.c  of  mixed  hydrogen  and  oxygen  per 
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minute  in  an  electrolytic  cell,  and  at  the  same  time  produces  165 
units  of  heat  per  second  in  a  wire ;  if  the  current  be  increased  until 
it  produces  105  c.c.  of  mixed  gases  per  minute,  calculate  how  much 
heat  will  now  be  produced  per  second  in  the  wire. 

26.  The  same  current  produces  heat  in  a  wire,  and  decomposes  a 
solution  of  copper  sulphate.    What  is  the  relation  between  the  heat 
produced  and  the  copper  deposited,  and  how  may  it  be  verified  ? 

27.  If  the  current  of  a  battery  of  10  Grove's  cells  connected  in  series 
is  sent  simultaneously  through  two  voltameters,  containing  respec- 
tively a  solution  of  cupric  sulphate  and  a  solution  of  silver  nitrate, 
and  placed  one  after  another  in  the  circuit,  show  how  much  copper 
and  how  much  silver  will  be  deposited  while  3'25«grams  of  zinc' are 
dissolved  in  the  entire  battery.    Also  show  how  much  copper  and 
silver  would  be  deposited  during  the  solution  of  the  same  quantity 
of  zinc,  if  the  battery  were  arranged  in  two  parallel  series,  each  of 
5  cells,  instead  of  in  a  single  series  of  10  cells. 

[Zn  =  65;0  ;  Cu  =  63;4  ;  Ag  =  108.] 

28.  The  internal  resistance    of  a  voltaic  battery  is  equal  to  the 
resistance  of  three  metres  of  a  particular  wire.    Compare  the  quantities 
of  heat  produced,  both  inside  and  outside  the  battery,  when  the  poles 
are  connected  by  one  metre  of  this  wire,  with  the  quantities  produced 
in  the  same  time  when  they  are  connected  by  27  metres  of  the  same 
wire. 

29.  Ten  voltaic  cells,  each  of  internal  resistance  2  and  electro- 
motive force  1  5,  are  connected  (<z)  in  a  single  series,  (ft)  in  two  series 
of  five  each,  the  like  ends  of  the  two  series  being  joined  together. 
If  the  terminals  are  in  each  case  connected  by  a  wire  ot  resistance  10, 
show  what  is  the  strength  of  the  current  in  the  wire  in  each  case, 
and  compare  the  rates  of  consumption  of  zinc. 

30.  A  battery  of  electromotive  force  e  and  resistance  R  is  employed 
in  sending  a  current  through  a  wire  of  resistance  r,  and  there  are  no 
other  resistances  in  the  circuit.     How  much  work  will  be  done  per 
second  by  the  battery,  and  how  much  heat  will  be  generated  in  the 
wire? 

31.  What  is  meant  by  the  electrochemical  equivalent  of  a  sub- 
stance?    If  a  current  of  1  ampere  decompose  per  minute  0*0056 
gram  of  water,  what  quantity  of  silver  will  a  current  of  0*5  ampere 
separate  from  a  solution  of  silver  nitrate  in  an  hour  ? 

[108  grams  silver  are  chemically  equivalent  to  1  gram  hydrogen.] 

32.  State  the  laws  of  electrolysis.    A  current  deposits  5  grams 
of  copper  per  hour  in  a  voltameter  and  also  produces  5  units  of  heat 
per  minute  in  a  wire ;  if  it  be  increased  so  as  to  deposit  10  grams 
of  copper  per  hour,  how  much  heat  will  it  produce  in  a  minute  in  the 
wire? 
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CHAPTER  XVII. 
THERMO-ELECTRICITY:  ELEMENTARY  FACTS. 

*  94.  Introductory.  It  is  found  that  if  a  circuit  be  made 
ap  of  two  wires  of  different  metals,  and  one  of  the  junctions 
be  heated,  a  current  is  set  up  in  the  circuit.  Currents  so  pro- 
duced are  called  thermo-electric  currents,  and  the  E.  M.  F.  to 
which  they  are  due  is  called  thermo-electromotive  force.  For 
example,  if  a  piece  of  iron  wire  and  a  piece  of  copper  wire 
of  about  equal  length  have  their  loose  ends  soldered  or 
twisted  together,  a  thermo-electric  current  may  be  established 
in  the  circuit  by  heating  either  of  the  junctions,  or  rather 
by  establishing  a  difference  of  temperature  between  the 
two  junctions,  for  a  current  may  also  be  prodaced  by  cooling 
either  of  the  junctions.  The  existence  of  this  current  may 
be  shown  by  including  a  galvanometer  in  the  circuit ;  this 
is  readily  done  by  cutting  either  of  the  wires  and  joining 
the  terminals  of  the  galvanometer  to  the  loose  ends  of  the 
cut  wire,  or  by  taking  about  equal  lengths  of  copper  and 
iron  wire,  twisting  one  pair  of  ends  together  and  joining  the 
other  pair  to  the  terminals  of  the  galvanometer, — the  ends 
twisted  together  form  one  junction  which  can  be  heated  or 
cooled,  and  the  coil  of  the  galvanometer  itself  forms  the 
other  junction  which  always  remains  at  the  temperature  of 
the  room  and  is  therefore  practically  constant.  It  should 
here  be  noted  that  the  junction  between  two  wires  may  be 
effected  in  any  way  without  influence  on  the  result,  so  long 
as  the  tempei  ature  of  the  extremities  of  whatever  forms  the 
junction  is  the  same :  for  example,  in  the  case  of  the 
galvanometer  just  mentioned,  the  wire  of  the  coil  forms  one 
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junction  ;  and  if  the  extremities  of  the  coil,  that  is,  the  termi- 
nals of  the  galvanometer,  are  of  the  same  temperature,  then 
the  result  will  be  the  same  as  if  the  ends  of  the  wires  were 
directly  twisted  together,  and  the  junction  so  formed  main- 
tained at  the  temperature  of  the  terminals  of  the  galvano- 
meter. The  point  here  mentioned  may  be  more  generally 
put  in  this  way : — in  a  compound  circuit  made  up  of  several 
conductors  of  different  materials,  any  difference  of  tempera- 
ture of  the  several  junctions  produces  a  current  in  the 
circuit,  but  the  thermo-electric  effect  of  any  element  of  the 
circuit  is  nil  if  the  extremities  of  that  element  have  the  same 
temperature — that  is,  such  an  element  may  be  considered  as 
a  mere  junction  between  the  two  adjacent  elements,  and 
the  temperature  of  the  junction  is  the  common  temperature 
of  the  extremities  of  the  element.  Further,  in  such  a  com- 
pound circuit  the  total  electromotive  force  in  the  circuit  is 
the  sum  of  all  the  thermo-electromotive  forces  at  the  several 
junctions  in  the  circuit. 

The  production  of  thermo-electric  currents  by  heating 
junctions  of  different  metals  was  first  discovered  by  Seebeck 
in  1822. 

*  95.  A  Simple  Thermo-Electric  Couple.  Let  the  extremi- 
ties of  two  pieces  of  wire  of  different  metal*,  say  copper  and 
iron,f  be  twisted  together  and  a  low-resistance  reflecting 
galvanometer  included  in  the  circuit.  Let  one  junction  be 
slowly  heated  by  a  Bunsen  flame  while  the  other  remains 
at  the  temperature  of  tlie  room.  It  will  be  noted  that  as 
the  temperature  of  the  junction  rises  the  deflection  of  the 
galvanometer  at  first  increases,  indicating  an  increase  of 
the  thermo-electric  current  in  the  circuit.  This  increase, 
however,  becomes  lews  and  less  rapid  as  the  heating  goes  on, 
before  long  it  ceases  altogether,  and  the  current  attains  a 
maximum.  If  the  heating  of  the  junction  is  still  continued 
the  current  now  begins  to  decrease,  and  the  decrease  goes 

f  Copper  and  iron  are  chosen  simply  because  the  couple  they 
form  conveniently  exhibits  the  phenomena  to  be  studied  ;  any  other 
pair  of  metals  could  be  made  to  give  the  same  results,  but  in  most 
cases  the  necessary  range  of  temperature  would  m,t  be  easily 
obtained. 
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on  continuously  until  the  current  is  first  reduced  to  zero  and 
then  reversed  in  the  circuit.  The  important  features  of 
this  experiment  are  :  first,  the  current  first  increases,  attains 
a  maximum  and  then  decreases  ;  and  second,  the  rev.rsal  of 
the  current  in  the  circuit  after  it  has  been  reduced  to 
zero. 

If  the  experiment  be  so  conducted  that  the  temperature 
of  the  heated  junction  can  be  noted  during  the  experiment — 
for  example,  if  the  junction  be  inserted  in  a  long  glass  tube 
closed  at  one  end  and  dipping  into  an  oil  bath — the  following 
facts  will  be  noticed.  First,  £he  temperature  at  which  the 
current  attains  its  maximum  value  is  always  the  same, 
no  matter  what  the  temperature  of  the  other  junction  may 
be.  Second,  the  temperature  at  which  reversal  of  the 
current  takes  place  is  as  much  above  the  temperature  of 
maximum  current  as  that  temperature  is  above  the 
temperature  of  the  cool  junction,  that  is  the  temperature 
of  maximum  current,  is  the  mean  of  the  temperature 
of  reversal,  and  the  temperature  of  the  cool  junction.  For 
example,  in  the  case  of  the  copper  and  iron  couple  here 
considered,  supposing  the  cold  junction  to  be  at  20°  C.  the 
temperature  of  maximum  current  will  be  about  260°  C.  f 
and  the  temperature  of  reversal  about  500°  C.  Or,  if  the 
cold  junction  be  kept  at  0°  C.  then  the  temperature  of 
maximum  current  will  be  the  same  as  before — about  260° 
C. — but  the  temperature  of  reversal  will  be  about  520°  C. 

The  temperature  of  maximum  current  for  any  couple  is 
known  as  the  neutral  point  for  that  couple,  and  it  is  always 
the  mean  of  the  junction  temperatures  when  reversal  takes 
place.  It  will  be  evident  from  what  has  been  said  that 
the  neutral  point  is  a  constant  for  a  given  couple,  but  that 
the  temperature  of  reversal  depends  upon  the  temperature 
of  the  cold  junction. 

*  96.  The  Peltier  Effect.  In  1834  it  was  discovered  by 
Peltier  that  if  a  current  was  sent  round  the  circuit  of  a 
thermo-electric  couple,  heat  was  evolved  at  one  junction 
and  absorbed  at  the  other — that  is,  one  junction  was  heated 

f  The  temperature  varies  slightly  with  different  specimens  of  iron 
and  copper. 
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and  the  other  cooled.  Further,  it  was  found  that  the 
junction  which  was  cooled  was  the  one  which,  if  heated, 
would  give  a  thermo-electric  current  in  the  same  direction 
round  the  circuit  as  the  current  which  causes  the  cooling 
effect.  For  example,  in  the  copper-iron  couple  cons:dered 
above,  for  temperatures  below  the  neutral  point,  the  thermo- 
electric current  flows  round  the  circuit,  so  as  to  pass  from 
the  copper  to  the  iron  at  the  hot  junction  ;  hence,  if  a 
current  be  sent  round  the  circuit  of  this  couple,  the  junction 
at  which  it  passes  from  copper  to  iron  will  be  cooled,  and 
the  other  will  be  heated.  From  this  it  will  at  once  be  seen 
that,  when  the  thermo-electric  current  passes  round  the 
circuit  of  the  couple,  it  absorbs  heat  at  the  hot  junction 
and  evolves  heat  at  the  cold  junction.  This  result  indicates 
the  source  of  energy  in  a  thermo-electric  couple, — the  heat 
absorbed  at  the  hot  junction  is  greater  than  that  evolved 
at  the  cold  junction,  and  the  difference  between  the  two 
quantities  of  heat  is  the  source  of  energy  to  which  the 
current  in  the  circuit  is  due.  In  fact,  a  thermo-electric 
couple  acts  as  a  small  heat-engine,  taking  in  heat  at  the 
hot  junction  as  its  source,  and  giving  out  heat  at  the 
cold  junction  as  its  condenser. 

*  97.  Thermo-Electric  Power,  If  the  temperature  of  one 
of  the  junctions  of  a  thermo-electric  couple  be  changed, 
there  will  be  a  corresponding  change  in  the  therm  o-electro- 
motive  force  of  the  couple  ;  and  if  these  changes  be  supposed 
to  be  very  small,  the  thermo-electric  power  of  the  junction 
may  be  defined  as  the  ratio  of  the  change  of  thermo-electro- 
motive  force  to  the  change  of  temperature  to  which  it  is 
due.  This  ratio  varies  with  the  temperature  at  which  the 
changes  are  supposed  to  take  place.  The  meaning  of  the 
term  power  used  in  this  relation  is  rather  ambiguous ;  the 
probable  reason  of  its  use  will  be  understood  by  considering 
the  following  case.  Suppose  a  couple  to  have  both  its 
junctions  at  the  same  temperature — say  that  of  the  room ; 
then,  if  the  temperature  of  one  of  them  is  slightly  changed, 
a  thermo-electromotive  force  is  set  up  in  the  circuit,  and  the 
ratio  of  this  E.  M.  F.  to  the  small  change  of  temperature 
to  which  it  is  due  gives  an  idea  of  the  thermo-electric 
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power  of  the  couple  at  the  temperature  of  the  room.  The 
thermo-electric  power  of  a  couple  is  evidently  least  in  the 
neighbourhood  of  the  neutral  point,  and  is  zero  at  that 
temperature,  for  as  the  current  approaches  its  maximum 
value  its  rate  of  change  with  temperature  gradually 
diminishes,  and  finally  changes  sign  (that  is,  changes  from 
a  rate  of  increase  to  a  rate  of  decrease)  after  passing  through 
the  value  zero. 

*98.  The  Thomson  Effect.  From  theoretical  considerations 
of  the  action  of  thermo-electric  couples,  Sir  William  Thomson 
was  led  to  assume  that  the  Peltier  effect  is  zero  when  the 
thermo-electric  power  is  zero :  that  is,  if  the  temperature  of 
a  junction  is  at  the  neutral  point  for  the  couple,  then  at  that 
junction  there  is  no  Peltier  effect.  If  however  this  junction 
is  the  hot  junction,  then  we  meet  with  a  difficulty  in  explain- 
ing where  the  energy  of  the  current  is  derived  from ;  for  if 
the  Peltier  effect  at  the  hot  junction  is  zero  no  heat  is 
absorbed  there,  and  at  the  cold  junction  heat  is  given  out, 
hence  heat  must  be  absorbed  in  a  thermo-electric  circuit 
at  other  points  than  at  the  junctions.  This  result  was  first 
pointed  out  by  Sir  William  Thomson,  and  he  showed  that 
heat  must  be  absorbed  in  one  or  both  of  the  wires  in  virtue 
of  the  difference  of  temperature  between  the  ends,  or  that 
hrat  may  be  absorbed  in  one  wire  and  generated  in  the 
other,  but  that  the  quantity  of  heat  absorbed  must,  in  the 
case  considered,  be  greater  than  that  given  out.  This  effect 
is  known  as  the  Thomson  effect.  Just  as  the  Peltier  effect 
limy  be  considered  as  the  reverse  of  the  Seeb3ck  effect, 
so  also  t!  ere  is  a  reverse  to  the  Thomson  effect.  The  Thom- 
son  effect  states  that  the  passage  of  a  currant,  nlrmcr  a 
con d uct or^wh ose  ends  nre  at  different  temperatures  is 

attended  will 

to  the  material  ot  tne^conductor  •  and  the  reverse  of  this 
evidently  fe,  thaTif  the~ends  of  a  conductor  are  maintained 
at  different  temperatures,  then  a  current  will  be  produced 
in  the  conductor.  The  Thomson  effect  will  of  courss  vary 
wTith  the  direction  of  the  current  in  the  conductor — that  is, 
if  when  the  current  flows  from  the  hot  to  the  cold  end,  and 
heat  is  absorbed,  then  heat  will  be  evolved  when  it  flows 
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from  the  cold  to  the  hot  end.  Thus,  when  a  current  flows 
in  a  copper  conductor  from  the  cold  to  the  hot  end  heat  is 
absorbed,  and  when  it  flows  from  hot  to  cold  heat  is  evolved. 
In  iron  the  effects  are  opposite.  Lead  is  the  only  metal  in 
which  there  is  no  appreciable  Thomson  effect. 

The  experimental  verification  of  the  points  referred  to 
above  are  somewhat  difficult.  The  assumption  that  the 
Peltier  effect  vanishes  when  the  thermo-electric  power  is 
zero  has  not  been  directly  verified,  but  there  is  some  indirect 
experimental  confirmation  of  the  fact.  The  Peltier  and 
Thomson  effects  have  both  been  experimentally  confirmed ; 
but  on  account  of  the  masking  effect  of  the  heat  evolved  in 
the  circuit,  in  accordance  with  Joule's  law,  special  pre- 
cautions have  to  be  taken  in  order  to  satisfactorily  exhibit 
these  effects. 

*  99.  Thermo-electric  Piles,  The  thermo-electric  current 
produced  by  a  single  couple  is  usually  extremely  small — for 


Fig.  1.59. 

example,  in  our  iron-copper  couple,  with  its  junctions  at 
0°  C.  and  100°  C.  respectively,  its  E.  M.  F.  is  only  about 
1143  micro-volts  f — and  the  current  produced  will  of  course 
depend,  in  accordance  with  Ohm's  law,  on  the  resistance  of 
the  circuit.  Other  pairs  of  metals  may,  however,  be  chosen 
so  as  to  make  more  effective  couples.  A  couple  of  bismuth 
f  A  micro-volt  is  the  millionth  part  of  a  volt— that  is,  about  the 
millionth  part  of  the  E.  M.  F.  of  a  Daniell's  cell. 
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and  antimony  gives  perhaps  the  greatest  E.  M.  F.  for  a 
given  difference  of  temperature  between  its  junctions :  for 
example,  at  ordinary  temperatures  for  1°  0.  difference 
of  temperature  such  a  couple  gives  an  E.  M.  F.  of  about 
117  micro- volts.  The  E.  M.  F.  in  a  thermo-electric 
circuit  may,  however,  be  increased  by  using,  in  the  same 
circuit,  a  large  number  of  couples  of  small  resistance,  all 
arranged  so  as  to  give  a  current  in  the  same  direction,  just 
as  the  cells  of  a  battery  are  arranged  in  series.  Thus,  in  a 
single  bismuth-antimony  couple  the  current  flows  in  the 


Fig.  160. 

circuit  so  as  to  cross  the  hot  junction  from  bismuth  to  anti- 
mony ;  if,  then,  a  number  of  couples  be  arranged  as  in  Fig. 
159,  with  alternate  junctions  a,  a,  a,  and  6,  6,  6,  brought  near 
together,  then  a  current  may  be  set  up  in  the  circuit  by 
keeping  one  set  (a,  a,  a),  say,  hot,  and  the  other  set  (6,  b,  b) 
cold.  For  example,  if  the  figure  represent  an  arrangement  of 
bismuth-antimony  couples  of  which  the  junctions  a,  a,  a,  are 
hot  and  b,  5,  cold,  then  the  direction  of  the  current  in  the 
circuit  is  shown  by  the  arrows.  The  intensity  of  this  current 
will  depend  upon  the  difference  of  temperature  between  the 
two  sets  of  junctions;  and  when  this  difference  is  small, 
the  intensity  of  the  current  may  be  said  to  be  directly 
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proportional  to  it.  This  fact  suggested  the  use  of  an  arrange- 
ment of  thermo  coupks  for  the  measurement  of  difference 
of  temperature.  If  a  large  number  of  couples  be  arranged 
as  in  Fig.  1 59,  and  small  slips  of  mica  or  other  insulating 
material  be  placed  between  the  bars  of  each  couple,  then 
the  whole  arrangement  may  be  folded  up  into  a  bundle  and 
mounted  as  shown  in  Fig.  160.  The  instrument  here 
shown  is  known  as  a  thermo-pile,  and  is  used  with  a  low- 
resistance  reflecting  galvanometer  as  a  very  delicate  differ- 
ential galvanometer.* 

*  See  Text-Book  of  Heat,  Art.  56 


CHAPTEE    XVIII. 

P£A  CTICA L  APPLICA  TIONS. 

100.  Electric  Bells.  These  are  simple  applications  of 
electro-magnetism ;  they  are  of  two  typical  kinds,  viz., 
Tremblers,  which  ring  continuously  as  long  as  the  current 
passes,  and  Strikers,  which  give  only  a  single  sound  each 
time  contact  is  made ;  the  former  are  commonly  used  in 
houses  and  offices,  the  latter  for  signalling  purposes. 
Fig.  162  shows  diagrammatically  the  construction  of  a 
trembler.  On  a  wooden  base  (not  drawn)  is  mounted  a 
small  horse-shoe  electro-magnet  LMNE.  The  end  L  of  the 
wire  which  is  wound  on  it  is  permanently  attached  to  one 
of  the  terminals  T  of  the  instrument,  and  the  other  to  a 
nut  K.  Fixed  to  K  is  a  steel  spring  S  carrying  a  soft-iron 
armature  I,  to  the  other  end  of  which  is  fitted  an  arm 
terminating  in  the  clapper  C.  The  spring  S  is  so  adjusted 
that  when  no  current  passes,  the  armature  rests  lightly 
against  the  point  of  a  brass  screw  E,  which  for  purposes  of 
adjustment  is  made  to  work  in  a  bearing  H,  and  from  this 
bearing,  which  is  also  of  brass,  a  wire  proceeds  and  is 
permanently  attached  to  the  other  terminal  T'.  In  the 
external  circuit  are  a  battery  B,  and  bell-push  or  contact- 
maker  P. 

When  contact  is  made  a  current  passes  via  the  route 
BPT'HISKENMLT.  This  magnetises  the  core  of  the 
electro-magnet,  draws  I  towards  its  poles,  and  makes  the 
clapper  C  strike  the  gong  GK  Contact  being  thus  broken 
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hot  ween  the  point  of  the  screw  E  and  the  armature,  the 
core  becomes  demagnetised,  and  the  armature,  by  reason 
of  the  elasticity  of  the  spring  S,  falls  back  against  the 
said  point.  This  re-establishes  contact,  the  core  is  again 
magnetised  and  the  armature  attracted  again  immediately 


to  fall  back,  and  so  on,  the  result  being  a  continuous 
titinnabulation.  Two  small  brass  projections  are  attached 
to  the  poles  of  the  electro-magnet  in  order  to  prevent 
actual  contact  between  them  and  the  armature  and  con- 
sequent magnetic  retention,  which  would  prevent  the 
armature  falling  back  when  the  current  stopped.  It  is 
usual  also  to  tip  the  screw  E  with  platino-iridium  and  to 
attach  a  minute  plate  of  the  same  alloy  to  the  armature 
for  this  tip  to  play  against ;  in  this  way  on  account  of  the 
hardness  of  the  alloy  wear  and  tear  are  diminished. 
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In  strikers  the  screw  E  and  bearing  H  are  absent,  the 
terminal  T'  being  connected  directly  to  the  nut  K.  Thus  as 
soon  as  contact  is  made  by  the  push  P  the  armature  is 
attracted  and  the  clapper  gives  one  stroke,  but  as  there  is 
now  nothing  to  break  the  circuit  automatically  it  does  not 
fall  back  until  the  finger  is  taken  off  the  push. 


101.  Telegraphy.  To  deal  anything  like  thoroughly 
with^this  subject  would  require  a  book  of  several  hundred 
pages ;  all,  therefore,  we  shall  attempt  is  to  give  an  out- 
line of  its  general  principles  together  with  a  brief  account  of 
one  of  the  most  commonly  employed  systems,  viz.  the  Morse. 

The  object  of  the  telegraph  is  to  enable  two  persons  at 
distant  places  to  communicate  with  one  another.  The 
place  from  which  the  message  is  sent  is  called  the  sending 
station  and  that  to  which  it  is  sent  the  receiving  station. 
Now  call  the  places  A  and  B,  and  first  suppose  that  it  was 
only  required  to  send  messages  from  A  to  B  and  not  from 
B  to  A.  This  could  be  effected  by  placing  A  and  B  in  a 
a  circuit  containing  a  battery,  providing  A  with  a  contact- 
maker  or  "  key "  and  B  with  some  form  of  receiving 
instrument  or  u  recorder  "  capable  of  responding  to  the 
current,  the  message  of  course  being  spelled  out  by  a 
system  of  preconcerted  signals.  But  as  it  is  always 
necessary  to  be  able  to  send  messages  loth  ways  there 
must  also  be  in  the  circuit  a  key  at  B  and  a  recorder  at  A, 
and  this  calls  for  a  special  device,  partly  to  prevent  the 
sender  transmitting  the  messages  through  his  own  recorder 
(which,  however,  would  not  much  matter),  and  partly  to 
prevent  the  key  at  the  receiving  station  breaking  the 
circuit  when  the  person  at  the  sending  station  was 
endeavouring  to  transmit.  Fig.  163  shows  the  arrange- 
ment commonly  adopted ;  it  should  be  noted  that  in  this 
as  in  all  telegraphic  systems  only  one  wire  (called  the  line] 
is  used  to  connect  the  stations,  the  circuit  being  completed 
through  the  earth : — 

Each  of  the  stations  A  and  B  is  provided  with  a  battery 
(20,  zY)  as  well  as  with  a  key  (K,  K')  and  recorder 
(R,  R/).  The  zinc  plates  of  both  batteries  are  in  good 
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electrical  communication  with  the  earth  by  means  of  earth- 
plates  E  E'  while  their  copper  plates  are  capable  of  contact 
with  the  front  ends  of  the  keys.  The  recorders  are  placed 
in  branch  circuits  as  shown,  and  when  a  key  is  not  depressed 
by  the  sender  (as  at  K')  its  back  end  is  kept,  by  means  of 
a  spring,  in  contact  with  the  recorder  while  it  is  lifted  from 


Fig.  163. 

the  battery.  On  the  other  hand  when  it  is  so  depressed 
(as  at  K)  its  fuse-end  makes  contact  with  the  battery 
while  it  is  lifted  from  the  recorder.  The  result  is  that  each 
station  is  always  in  readiness  to  receive  messages  from  the 
other  and  that  the  sender  does  not  transmit  through  his 
own  recorder:  the  figure  shows  A  transmitting  to  B. 
Obviously,  however,  the  two  stations  cannot  signal  to  each 
other  simultaneously ;  this  can  be  done  by  the  "duplex" 
system.* 

In  the  Morse  system  above  referred  to,  the  recorder 
consists  essentially  of  an  electro-magnet  and  armature 
similarly  arranged  to  those  of  the  "striker"  form  of 
electric  bell  (see  preceding  section),  the  armature  thus 

*  For  an  account  of  this  and  many  other  important  matters  the 
student  is  referred  to  Preece  and  Sievewright's  Telegraphy. 
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remains  drawn  towards  the  magnet  just  so  long  as  the 
key  is  pressed  down.  In  the  most  modern  form  of 
recorder,  known  as  the  ink-writer,  the  armature  is  attached 
to  a  small  wheel  covered  with  printers'  ink  and  under  this 
is  drawn  by  means  of  clockwork  a  long  narrow  strip  of 
paper;  when  the  armature  is  not  attracted  the  wheel 
remains  clear  of  the  paper,  but  when  attraction  occurs  it 
conies  in  contact  therewith  and  prints  a  dot  thus  .  or 
a  dash  thus  —  according  as  the  duration  of  the  current 
is  "  short"  or  "long."  The  letters  of  the  alphabet,  stops, 
etc.,  are  represented  by  combinations  of  dots  and  dashes 
according  to  the  annexed  code  : — 

A  •  —  P  • . 

B  —  -    -    .  Q .  _ 

C  _  .  —  .  E  •  —  - 

D  —  -   -  S  •    •   - 

E  -  T  — 

F  .   .  —  .  U  •   •  — 

0 .  y  .    .    .  _ 

H  .    .    .    •  AY 

I  .    .  X     —  -   .  — 

j  . Y     — 

K  —  -  -  Z - 

Full  stop 

M  —  Comma    •  — 

N  —  •  Interrogation    •   •  - 

0 —  Hyphen     —  ....    — 

Another  form  of  Morse  recorder  is  the  sounder.  In  this 
no  printing  is  done  but  the  person  at  the  receiving  station 
listen  to  the  clicks  of  the  instrument  and  notices  whether 
the  intervals  between  them  are  short  or  long.  A  short 
interval  corresponds  to  a  dot  and  a  long  one  to  a  dash,  the 
code  of  course  being  the  same  as  above.  The  sounder  is 
much  more  difficult  to  work  with  than  the  ink-writer,  as 
the  ear  can  interpret  the  signals  only  after  careful 
training. 

It  frequently  happens,  especially  over  long  distances, 
that  the  current  from  the  sending  station  is  too  weak  to 
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work  the  recorder.  To  remedy  this  a  delicate  auxiliary 
electro-magnet,  called  a  relay,  is  made  use  of,  it  and  the 
aforesaid  current  being  made  to  pass  through  this  and  not 
through  the  recorder  at  all.  Each  time  the  current  passes  the 
relay  armature  is  attracted  and  matters  are  so  arranged 
that  this  completes  a  local  circuit  through  the  recorder  and 
a  battery  at  the  receiving  station.  It  is  thus  this  latter 
battery  which  is  the  direct  producer  of  the  signals. 
Fig.  165  still  shows  the  arrangement  of  the  line,  etc.,  only 
that  R,  If  now  represent  the  relays,  the  recorders  and  local 
batteries  not  being  depicted. 

The  key  (K  or  K',  Fig.  1 63)  employed  in  the  Morse  system 
is  of  special  construction  and  is  shown  in  detail  in  Fig.  164. 
Its  centre  A  works  on  a  pivot  connected  with  the  "line" 
when  not  pressed  down  its  back-end  a  is  kept  by  the  spring 
/  in  contact  with  the  terminal  b,  which  runs  to  the  relay  at 


Fig.  164. 

its  own  station  (K',  Fig.  163),  while  when  pressed  down 
its  fuse-end  c  makes  contact  with  the  terminal  d  running 
to  the  battery  (K,  Fig.  163). 

102.  The  Telephone.  This  instrument,  which  was 
invented  by  Prof.  Graham  Bell  in  1876,  depends  for  its 
sending  power  upon  the  fundamental  fact  of  "magneto- 
electricity,"  and  for  its  receiving  power  upon  that  of 
"  electro-magnetism"  ;  the  former  is  that  if  a  coil  of  wire 
be  placed  in  a  magnetic  field  and  if  anything  be  done  to 
alter  the  strength  of  the  part  of  -the  field  where  the  coil  is 
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situate,  then  so  long  as  that  alteration  is  in  progress  a 
current  is  induced  in  the  coil,  which  goes  one  or  the  other 
way  round  according  as  the  said  part  of  the  field  is  being 
strengthened  or  weakened;  and  the  latter  is  that  if  a  current 
circulates  round  a  magnet  it  strengthens  or  weakens  the 
latter  according  to  whether  it  goes  one  way  round  or  the 
other. 


B 


AN 


B 

Fig.  165. 

Before  describing  the  instrument,  let  us  consider  the 
simple  device  of  Fig.  165.  NS  is  a  bar  magnet  and  I  a 
piece  of  soft  iron  in  front  of  one  of  its  poles  N.  When  I 
was  absent  there  was  a  certain  system  of  lines  of  force 
surrounding  the  magnet.  When  I  is  brought  near,  by 
virtue  of  its  high  permeability,  the  lines  in  the  region  A 
between  the  pole  and  the  iron  become  more  concentrated, 
while  those  in  the  lateral  region  BB  become  less  so. 
Moreover,  these  effects  are  more  marked  the  nearer  the 
iron  be  to  the  pole.  Confining  our  attention  then  to  the 
region  BB,  we  see  that  any  approach  of  I  weakens  while  any 
recession  strengthens  it.  Now  suppose  N  surrounded  by  a 
bobbin  coiled  with  insulated  iron,  and  let  I  be  made 
to  vibrate  to  and  fro ;  then  during  approach  a  current  will 
flow  one  way  and  during  recession  the  opposite  way 
through  this  wire.  Moreover,  if  the  ends  of  the  latter  be 
connected  with  those  of  another  on  a  distant  bobbin 
similarly  surrounding  one  of  the  poles  of  another  bar- 
magnet,  in  front  of  which  is  another  piece  of  iron,  these 
varying  currents  will  alternately  strengthen  and  weaken 
that  pole  and  cause  the  iron  (if  suitably  mounted)  to 
vibrate  in  unison  with  the  first  piece,*  though  with  much 

*  Approach  of  the  first  piece  may  of  course  produce  either  approach 
or  recession  of  the  second  according  to  the  polarity  of  the  magnets  and 
the  way  the  bobbins  are  wound. 
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Fig.  166. 


less  vigour  because  by  no  means  all  the  energy  of  the 
first  is  conveyed  to  the  second,  a  great  deal  being  dis- 
sipated as  heat,  etc.,  in  the  wires. 

The  above  is  the  essence  of  the  telephone;  Fig.  166 
shows  the  actuality  in  section.  AA  is  a  cylindrical  bar- 
magnet  lixed  in  a  wooden  case,  and  CO 
a  bobbin  surrounding  one  of  its  poles, 
and  wound  with  fine  insulated  copper 
wire,  the  ends  of  which  are  connected 
to  the  terminals  F,  F.  In  front  of  the 
pole  which  the  bobbin  encircles,  and 
supported  at  its  edges  by  the  wooden 
case,  is  a  very  thin  diaphragm  of  soft 
iron  D,  and  in  front  of  this  a  mouth- 
piece. At  the  distant  station  is  a  pre- 
cisely similar  contrivance,  and  the  two 
are  in  communication  by  "line,"  and 
"earth"  connections  to  their  terminals. 
The  sender  speaks  into  the  mouthpiece 
of  his  instrument  while  the  receiver 
holds  his  to  his  ear;  the  vibrations  of  the  voice  are  com- 
municated to  the  diaphragm  of  the  former  and  these,  as 
explained  in  the  preamble,  to  that  of  the  latter.  Hence 
the  receiver  hears  the  words  of  the  speaker,  though  with 
diminished  strength  and  a  somewhat  "  tinny  "  clang. 

It  is  now  usual  for  both  sender  and  receiver  to  be  sup- 
plied with  three  instruments,  viz,,  one  for  each  ear  and  a 
larger  one  for  the  mouth.  The  inconvenience  of  shifting  is 
thus  avoided  and  better  effects  obtained. 

103.  Dynamos.  From  what  has  been  said  above  it  is 
known  that  if  a  closed  circuit  be  moved  in  a  magnetic 
field  in  such  a  way  as  to  vary  the  magnetic  flux  through 
the  circuit  then  a  current  is  induced  in  the  circuit.  In  the 
case  of  the  earth  inductor,  described  in  Article  88,  it  is 
shown  how  by  rotation  of  a  coil  of  wire  round  an  axis  at 
right  angles  to  the  direction  of  the  magnetic  field  a  con- 
tinuous variation  in  the  magnetic  flux  through  the  coil 
may  be  obtained.  It  has  also  been  explained  that  during 
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each,  complete  revolution  of  the  coil  the  direction  of  the 
induced  current  changes  as  the  coil  passes  through  the 
position  at  right  angles  to  the  direction  of  the  lines  of 
force,  but  that  by  the  action  of  a  split  ring  commutator 
and  spring  brushes  resting  on  the  ring  a  continuous 
current  in  a  fixed  direction  may  be  obtained.  Such  an 
arrangement  constitutes  a  simple  form  of  dynamo.  A 
dynamo  is  thus  a  machine  for  the  production  of  a  current 
by  means  of  magneto -electric  induction.  Theoretically, 
the  essentials  of  such  a  machine  are  a  magnetic  field  and 
the  coil  in  which  the  induced  current  is  produced.  The 
magnetic  field  usually  employed  is  the  field  between  the 
poles  of  a  suitably  constructed  magnet.  In  a  very  few 
cases  a  permanent  steel  magnet  is  employed,  but  in  all 
modern  dynamos  an  electro -magnet  is  used.  Fig.  167 


B 


B 


Fig.  167. 


shows  diagrammatically  the  arrangement  of  the  iron 
circuit  of  field  magnets  of  a  dynamo.  The  iron  cores  0,  C, 
are  fixed  in  the  bed-plate  B,  and  carry  the  pole  pieces  p,  p, 
which  are  so  shaped  as  to  give  a  fairly  uniform  field  in 
the  suitably  shaped  space  F  between  the  poles.  The 
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field  magnet  coils  are  wound  round  the  cores  C  0,  the 
number  of  turns  being  adjusted  to  suit  the  strength  of 
current  they  will  carry  and  the  magnetic  quality  of  the 
iron.  The  iron  circuit,  or  as  it  is  sometimes  called  the 
magnetic  circuit,  of  the  dynamo  may  be  cast  all  in  one 
piece  or  in  separate  pieces,  but  when  separate  the  pieces 
must  be  closely  and  accurately  fitted  together  in  order  to 
ensure  the  efficient  action  of  the  electro-magnet.  The 
current  through  the  field  coils  may  be  obtained  from  a 
suitable  battery  in  which  case  the  dynamo  is  said  to  be 
separately  excited.  It  is,  evident,  however,  that  if  the  field 
magnets  have  once  been  excited  there  will,  even  when  no 
current  passes  through  the  field  coils,  be  a  weak  magnetic 
field  in  the  space  F.  If  a  coil  is  rotated  in  this  field  a 
weak  current  is  induced  in  the  coil,  and  if  the  field  coils 
be  connected  either  in  series  or  in  parallel  with  this  coil 
then  this  weak  current  increases  the  magnetism  of  the 
field  magnets  and  therefore  strengthens  the  field  at  F. 
This  increase  in  the  intensity  of  the  field  causes  an 
increase  in  the  induced  current,  and  this  again  results  in  a 
further  increase  in  the  field  intensity.  This  action  may 
go  on  until  the  field  magnets  approach  saturation,  when 
an  increase  in  the  current  gives  little  or  no  increase  in  the 
intensity  of  the  field  at  F.  By  properly  adjusting  wind- 
ings of  the  coil  rotating  between  the  poles  and  the  field 
coils  it  is  thus  possible  for  a  dynamo  to  self-excite  its  field 
magnets.  Dynamos  which  work  in  this  way  are  said  to 
be  self-excited — most  modern  dynamos  are  of  this  type. 
When  the  rotating  coil  and  the  field  coils  are  in  series  the 
machine  is  said  to  be  series  wound,  when  they  are  in 
parallel  or  when  the  field  coils  are  connected  as  a  shunt  on 
the  rotating  coil  the  machine  is  shunt  wound.  When  the 
winding  combines  the  series  and  shunt  methods  the 
machine  is  said  to  be  compound  wound. 

Figs.  168,  169,  170,  show  diagrammatically  the  con- 
nections of  the  coils  in  a  series  wound,  shunt  wound  and 
compound  wound  dynamo. 

The  coil  which  rotates  in  the  field  F  is  usually  wound 
on  a  properly  constructed  frame  containing  soft  iron,  the 


340 


CURRENT   ELECTRICITY. 


object  of  the  soft  iron  being  to  increase  by  its  permeability 
the  magnetic  flux  through  the  coil.  This  frame  with  the 
coil  constitutes  the  armature  of  the  dynamo.  The  armature 
is  mounted  by  the  spindle,  fitted  through  its  frame  on 
bearings,  and  may  be  rotated  from  an  engine  by  a  belt 


Fig.  168. 


Fig.  169. 


Fie.  170. 


fitted  round  the  fly  wheel  of  the  engine  and  on  a  pulley  on 
one  end  x>f  the  armature  spindle,  or,  as  in  some  cases,  the 
engine  may  be  directly  coupled  to  the  armature  without 
the  intervention  of  a  belt.  The  mechanical  work  done  in 
driving  the  armature  against  the  resistance  due  to  the 
field  at  F  is  spent  in  producing  the  electrical  energy 
developed  in  the  circuit  of  the  dynamo.  . 

The  coils  of  the  armature  are  not  closed  circuits.  In  the 
simplest  case  the  armature  coil  may  be  one  continuous 
wire,  one  end  of  which  is  connected  to  one  half  of  the  split 
ring  commutator  and  the  other  end  to  the  other  half. 
J3rushes  or  springs  rest  upon  the  commutator  ring  and 
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they  are  connected  to  the  terminals  of  the  external  circuit 
so  that  the  closed  circuit  in  which  the  current  is  induced 
consists  of  the  armature  coil  as  internal  circuit  and  the 
external  circuit  connected  to  the  brushes.  In  the  case  of 
most  dynamos  the  armature  coil  is  wound  in  a  number  of 
separate  sections  and  the  commutator  ring  is  split  into  a 
corresponding  number  of  sections  or  bars. 

The  commutator  ring,  with  each  section  insulated,  is 
fitted  on  the  armature  spindle  and  the  brushes  are  usually 
carried  by  a  brush  holder,  which  allows  them  to  be  raised 
off  or  pressed  on  the  ring  at  the  proper  points. 


Fig.  171  shows  a  simple  form  of  the  modern  dynamo. 
The  student  should  be  able  to  make  out  the  various  parts 
for  himself. 

A  dynamo,  such  as  has  been  described  above,  gives,  by 
the  action  of  the  commutator,  a  continuous  or  one-direction 
current  in  the  external  circuit,  and  is  called  a  continuous 
current  dynamo.  If,  instead  of  the  commutator,  we  have 
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two  insulated  rings  or  collars  fitted  on  the  spindle,  one  ring 
connected  to  one  end  of  the  armature  coil  and  the  other  to 
the  other  end,  then  by  means  of  brushes,  resting  one  on 
each  of  these  collars,  we  can  obtain  a  current  which  changes 
direction  in  the  circuit  twice  during  each  revolution  of  the 
armature.  Such  a  current  is  an  instance  of  what  is  called 
an  alternating  current,  and  a  dynamo  supplying  an  alter- 
nating current  is  called  an  alternator.  The  number  of 
times  a  current  alternates  during  a  complete  revolution  of 
the  armature  depends  upon  the  arrangement  of  the  field 
magnets  and  the  coils  of  the  armature. 

104.  Electromotors.  In  a  dynamo  mechanical  energy  is 
expended  in  causing  the  rotation  of  the  armature  in  the 
magnetic  field  due  to  field-magnets  in  the  space  between 
the  pole  pieces — and  by  its  action  mechanical  energy  is 
expended  in  producing  electrical  energy.  In  an  electro- 
motor the  reverse  action  takes  place.  A  current  from  a 
battery  or  another  dynamo,  is  passed  through  the  coils  of 
the  armature,  and  the  field  magnets  (either  in  shunt 
or  in  series),  and  the  couple  acting  on  the  armature,  due 
to  the  force  exerted  on  its  coils  carrying  current  in  a 
magnetic  field,  causes  its  rotation.  If  the  armature  is 
properly  connected  to  suitable  mechanism  the  torque 
causing  rotation  may  be  made  to  do  work.  In  construction 
a  motor  is  essentially  the  same  as  a  dynamo — in  fact  any 
well  constructed  dynamo  will  run  as  a  motor,  but  there 
are  numerous  differences  in  design  necessitated  by  the  very 
different  uses  to  which  dynamos  and  motors  are  put. 

When  a  motor  is  running,  and  the  rotating  armature  is 
made  to  do  work,  then  the  motor  is  a  sink  of  energy  in  the 
circuit,  and  is  therefore  a  seat  of  back  electromotive  force. 
This  is  also  evident  from  the  fact  that  as  the  armature 
rotates  the  machine  acts  as  a  dynamo,  and  tends  to  produce 
a  current  in  a  direction  opposed  to  that  which  causes  it  to 
run  as  a  motor,  and  thus  a  back  E.  M.  F.  is  set  up.  The 
more  rapidly  the  motor  runs  the  higher  the  back  E.  M.  F., 
and  the  smaller  the  current  in  the  circuit.  Thus  if  E, 
denote  the  resistance  of  the  circuit,  E  the  E.  M.  F.  of  the 


PRACTICAL   APPLICATIONS.  343 

battery  or  dynamo,  and  e  the  back  E.  M.  F.  of  the  motor, 
then  the  current  in  the  circuit  is  given  by 

E  —  * 


Also,  under  the  same  conditions,  EC  denotes  the  activity 
of  the  dynamo  or  battery,  <?C  the  activity  of  the  motor,  and 
EC  —  e(j  or  C(E  —  e)  the  loss  of  power  due  to  the 
heating  of  the  circuit  by  the  current. 

The  electrical  efficiency  of  this  dynamo-motor  or  battery- 
motor  arrangement  is  evidently  given  by  the  ratio  0C/EC 
or  */E  for,  of  the  power  EC  given  out  by  the  dynamo  or 
battery,  an  amount  ^0  is  absorbed  by  the  motor.  This 
ratio  approximates  to  unity  when  e  is  nearly  equal  to  E. 
Hence  the  more  rapidly  a  motor  runs,  that  is  the  lighter 
the  load  at  which  it  works,  the  greater  the  efficiency  of  the 
arrangement  and  the  less  the  loss  of  power  in  the  circuit. 

The  activity,  <?C,  of  the  motor  refers  to  the  power  it 
absorbs  in  the  circuit  as  an  equivalent  of  the  mechanical 
work  done  by  the  motor.  If  we  include  the  energy  dis- 
sipated as  heat  in  the  coils  of  the  motor  then  the  total 
power  absorbed  from  the  circuit  is  eC  +  CV,  where  r 
denotes  the  resistance  of  the  coils  of  the  motor.  Or,  if  e' 
denote  the  difference  of  potential  between  the  terminals  of 
the  motor,  then  e'G  gives  the  total  power  absorbed  by  the 
motor,  that  is,  e'C  =  eC  +  CV.  The  ratio  of  the  power 
absorbed  as  the  equivalent  of  mechanical  work  done  by 
the  motor  to  the  total  power  absorbed  by  the  motor,  that 
is,  the  ratio  eC/e'C  or  eje'  is  known  as  the  electrical 
efficiency  of  the  motor.  The  mechanical  work  done  by  the 
motor  as  the  equivalent  of  eC  is  not  all  useful  external 
work  ;  part  of  it  is  spent  in  the  motor  doing  internal  work 
against  the  friction  of  the  bearings,  air  resistance,  and  the 
inertia  of  the  moving  parts  of  the  machine.  If  P  denote 
the  power  of  the  motor  to  do  external  work,  as  measured 
say  by  a  suitable  brake,  then  the  ratio  ~P/eC  gives  what 
is  called  the  mechanical  efficiency  of  the  motor. 

When  the  connection  is  first  made  between  a  motor  and 
the  battery  or  dynamo  which  is  to  run  it  there  is  no  back 
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E.  M.  F.  in  the  circuit,  and  an  extra  resistance  has  to  be 
put  in  to  prevent  the  production  of  an  excessively  high 
current,  then  when  the  motor  has  got  up  speed  the  resist- 
ance may  be  taken  out.  For  this  purpose  all  simple 
motors  are  provided  with  a  starting  switch. 

Motors  may  be  series  wound,  shunt  wound  or  compound 
wound  just  as  dynamos  are.  Most  small  toy  motors  are 
series  wound  owing  to  the  simplicity  of  the  winding,  but 
series  wound  motors  of  a  large  size  are  not  much  used. 
They  are  much  more  variable  in  speed  than  shunt  wound 
machines,  which,  within  certain  small  limits,  automatically 
regulate  their  speed  according  to  the  load.  Motors  with 
compound  winding  may  be  adjusted  to  have  practically  a 
constant  speed  at  all  loads. 

105.  Electroplating  and  Electrotyping.  The  term  elec- 
tTO-plating,  which  was  originally  applied  to  the  process  of 
coating  a  baser  metal  with  silver,  is  now  extended  to  in- 
clude the  coating  of  any  object  with  a  coherent  layer  of  any 
metal ;  in  practice,  however,  the  metals  employed  as  the 
coat  are  usually  either  silver,  gold,  nickel,  or  copper,  while 
the  object  may  be  either  another  metal,  e.g.  iron,  or  some 
non-conducting  material  such  as  wood  or  plaster-of-Paris. 

The  process  is  an  application  of  the  principle  of  electro- 
lysis. The  object  to  be  coated  is  attached  to  the  negative 
pole  of  a  battery  or  dynamo,  and  immersed  in  a  suitable 
solution  or  "bath  "  of  some  salt  of  the  metal  it  is  desired 
to  deposit  thereon ;  a  plate  of  the  last-named  metal  is  also 
immersed  in  the  solution  and  is  attached  to  the  positive 
pole.  If  the  object  be  a  non-conductor  its  surface  must 
first  be  rendered  conducting  by  covering  it  with  a  thin 
layer  of  graphite  or  sulphide  of  silver.  When  the  current 
passes,  the  object  (the  kathode]  receives  the  desired  deposit 
from  the  "bath,"  while  the  other  plate  (the  anode} 
becomes  dissolved,  thus  maintaining  the  solution  of 
approximately  constant  strength. 

When  copper  is  the  metal  to  be  deposited  it  is  not 
unusual  to  abolish  the  source  of  external  excitation  and 
simply  to  make  the  object  the  positive  or  high-potential 
plate  of  a  Daniell  cell. 
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Great  care  has  to  be  taken  to  employ  solutions  of 
appropriate  composition  and  strength,  and  also  properly 
to  regulate  the  "density,"  as  it  is  called,  of  the  current,  i.e. 
its  strength  per  unit  area  of  the  object;  otherwise  the 
the  deposit  is  not  adherent. 

The  most  important  electroplating  industry  is  electro- 
silvering.  In  this  case  the  salt  is  a  double  cyanide  of 
silver  and  potassium,  the  bath  being  prepared  by  dis- 
solving one  part  (by  weight)  of  silver  cyanide  and  two 
of  potassium  cyanide  in  40  of  distilled  water,  and  the 
things  to  be  silvered  have  to  be  first  freed  from 
grease  by  means  of  a  solution  of  potassic  hydrate, 
then  washed  in  weak  sulphuric  acid,  then  "  scoured," 
i.e.  washed  in  a  mixture  of  sulphuric  and  nitric  acid 
and  salt,  and  finally  amalgamated  by  immersion  in  a 
dilute  solution  of  mercuric  sulphate.  The  most  appropri- 
ate current  "  density  "  is  from  four  to  five  amperes  per 
square  foot,  and  this  is  maintained  until  the  deposit 
amounts  to  about  one  ounce  per  square  foot,  which  corre- 
sponds to  a  thickness  of  about  ^-Q  inch.  On  removal 
from  the  bath  the  silvered  articles  are  immersed  in  a 
solution  of  potassium  cyanide,  washed  in  boiling  water 
and  dried  in  sawdust. 

~ElectTogildin</  is  the  art  of  coating  objects  with  gold. 
The  bath  is  a  solution  of  the  double  cyanide  of  -gold  and 
potassium.  The  details  are  similar  to  those  for  electro- 
silvering  except  that  the  current  employed  is  weaker 
(about  one  ampere  per  sq.  ft.)  and  the  deposit  thinner. 

T&ectronicfoling  is  the  art  of  coating  objects  (usually  of 
steel,  as  the  handle-bars  of  bicycles)  with  nickel.  The 
bath  is  a  slightly  acid  solution  of  the  double  sulphate  of 
nickel  and  ammonium.  Prior  to  its  immersion  in  the  bath 
the  object  is  cleaned  and  polished;  the  current  is  made 
fairly  strong  to  begin  with  and  then  slackened :  a  good 
coat  consists  of  about  |-  ounces  per  square  foot,  which 
represents  about  ToVo  inch  in  thickness. 

wecfaocoppenng  is  the  easiest  of  all  the  plating  process. 
The  bath  is  simply  a  strong  and  very  slightly  acid  solution 
of  copper  sulphate ;  it  is  best  to  have  the  current  at  first 
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very  weak  and  subsequently  to  increase  it  to  a  density  of 
from  2  to  20  amperes  per  square  foot.  When  iron  is  the 
metal  to  be  coppered  the  simple  copper  sulphate  bath  is 
unsuitable  because  it  would  be  rapidly  decomposed  by  the 
iron  ;  in  this  case  the  bath  consists  of  an  alkaline  solution 
of  the  double  tartrate  of  copper  and  sodium  obtained  by 
adding  excess  of  sodic  hydrate  to  a  solution  of  copper 
sulphate  and  tartaric  acid. 

Electrotyping  is  a  particular  application  of  electrocopper- 
ing,  and  is  used  for  the  production  of  pictures  and 
diagrams  in  books.  The  author  first  makes  a  drawing 
on  paper,  and  a  left-handed  copy  of  this  is  made  on  wood 
by  a  draughtsman,  when  the  wood  being  cut  away  by  the 
engraver  the  lines  of  the  picture  show  up  in  relief.  The 
wood,  as  thus  prepared,  constitutes  the  "block  "  and  could 
be  employed  directly  for  printing  off  a  few  copies,  but  not 
many,  because  on  account  of  its  softness  it  would  soon 
wear  away  and  the  lines  become  indistinct.  Accordingly, 
instead  of  so  using  it  a  mould  of  it  is  made  in  gutta 
percha,  and  this  is  electrocoppered,  as  above  explained, 
when  we  get  a  very  thin  relief  impression  (left-handed)  of 
the  original  drawing,  which  is  strengthened  by  filling  up 
the  hollows  with  melted  type-metal.  This  is  called  the 
"cliche"  or  "electro,"  and  is  capable  of  yielding  some 
80,000  impressions.  When  more  are  required  the  electros 
are  sometimes  hardened  by  "steeling";  this  consists  in 
platiug  them  with  iron,  the  requisite  bath  being  prepared 
by  passing  a  current  between  two  plates  of  iron  immersed 
in  an  aqueous  solution  of  ammonium  sulphate.  A  double 
salt  (ferrous-ammonium  sulphate)  is  thus  formed  which  does 
not  readily  deteriorate  by  absorbing  oxygen  from  the  air. 


APPENDIX     FOR     SCIENCE     AND 
ART    STUDENTS. 


(A)   SPARK  AND  BRUSH  DISCHARGE. 

[To  be  read  after  Article  35.] 

When  two  conductors  at  different  potentials  are  made 
to  approach  one  another  a  passage  of  electricity  takes  place 
between  them  across  the  intervening  dielectric  accom- 
panied by  heat,  light,  and  a  crackling  sound.  The 
phenomenon  is  in  general  momentary  and  the  potentials 
of  the  conductors  become  more  or  less  equalised,  but  by 
connecting  the  latter  to  an  electrical  generator,  as  in  the 
case  of  the  knobs  of  a  Wimshurt  machine,  it  is  possible 
to  restore  the  original  potential  difference  as  fast  as  it 
runs  down  and  the  discharge  then  becomes  practically 
continuous. 

The  appearance  presented  may  be  either  that  of  an 
unbroken  line  of  light  (straight,  curved,  or  zigzag),  when  it 
is  called  a  "spark,"  or  that  of  a  broken  line  with  branches 
diverging  in  an  irregular  way  like  the  veins  of  a  leaf  when 
it  is  called  a  "brush." 

The  distance  which  separates  the  two  conductors  when 
the  discharge  takes  place  is  called  their  striking  distance, 
and  for  a  given  pair  of  conductors  similarly  placed  is  found 
to  be  very  nearly  proportional  to  their  potential  difference, 
but  for  differently  shaped  pairs  (or  even  for  the  same  pair 
with  differently  shaped  portions  of  their  surfaces  facing 
one  another),  it  depends  also  upon  the  shape.  Thus  for 
a  pair  of  spheres  the  striking  distance  is  about  one  inch 
per  100,000  volts  (300  es.  units),  while  for  a  point  facing  a 
flat  plate  it  is  much  greater,  viz.,  about  one  inch  per  20,000 
volts,  and  for  a  pair  of  points  greater  still.  There  appears 
to  be  no  practical  difference  so  far  as  striking  distance  is 
concerned  between  the  "spark"  and  the  "brush,"  that  is 
taking  a  given  pair  of  conductors  in  a  given  relative 
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position  and  at  a  given  difference  of  potential  and  causing 
them  gradually  to  approach,  we  do  not  get  a  brush  at  one 
distance  and  a  spark  at  another  but  we  get  either  a  spark 
or  a  brush  at  a  definite  distance.  Which  of  the  two  forms 
the  discharge  assumes  depends  partly  on  the  capacity  of 
the  conductors,  but  mainly  on  the  shape  of  their  opposing 
surfaces;  rounded  surfaces  tend  to  produce  sparks,  and 
pointed  ones  brushes. 

It  should  be  carefully  noted  that  the  term  "striking 
distance  "  refers  to  the  starting  of  the  discharge  and  not 
to  its  maintenance.  For  example,  suppose  we  have  two 
spheres  which  by  means  of  a  machine  are  kept  at  a 
potential  difference  of  10,000  volts,  then  in  order  to  start 
a  spark  between  them  they  must  be  brought  to  within 
iV  inch  (the  striking  distance),  but  after  the  spark  has 
once  started  they  may  be  gradually  separated  to  a  much 
greater  distance  and  it  will  still  continue.  This  circum- 
stance finds  application  in  electric  arc  lamps  where  a 
mechanism  is  employed  to  bring  the  carbons  into  close 
proximity  in  order  to  start  the  light  and  afterwards  to 
separate  them. 

The  figures  given  above  suppose  the  discharge  to  take 
place  in  air  at  the  ordinary  pressure.  For  solid  (and 
liquid)  dielectrics  the  striking  distance  is  ceteris  parilus 
much  less  owing  to  their  greater  mechanical  rigidity. 
For  the  same  pressure  the  striking  distance  is  under 
similar  conditions  much  the  same  in  all  gases,  but  when 
the  pressure  is  diminished  the  striking  distance  increases 
up  to  a  certain  point,  and  afterwards  diminishes  until 
when  the  exhaustion  is  very  complete  no  discharge  occurs 
however  great  the  difference  of  potential.  For  high  but 
not  extreme  exhaustion  the  appearance  is  neither  that  of 
the  spark  or  brush,  but  of  delicate  striae,  and  is  known 
as  the  electric  "glow." 

All  these  phenomena  appear  to  indicate  that  the  dis- 
charge (in  whatever  form  it  occurs)  is  not  a  simple 
passage  of  "electricity"  from  one  of  the  conductors  to 
the  other,  but  that  this  passage  is  effected  by  means  of 
the  material  molecules  of  the  dielectric.  According  to  the 
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kinetic  theory  of  matter,  the  molecules  of  every  substance 
are  in  a  state  of  rapid  vibration  and  mutual  collision,  tho 
length  of  the  journey  performed  by  each  molecule  (called 
its  "  free  path ")  being  extremely  small,  and  less  the 
greater  the  mechanical  rigidity,  and  if  we  regard  the 
discharge  as  due  to  the  handing  on  of  electricity  from  one 
molecule  to  another  during  the  vibratory  movements  an 
explanation  is  suggested  of  the  connection  between 
rigidity  and  striking  distance.  Moreover,  in  the  case 
of  gases,  the  kinetic  theory  renders  it  certain  that  as 
the  pressure  diminishes  the  free  path  increases,  which 
explains  the  corresponding  increase  of  striking  distance. 

A  remarkable  fact  with  regard  to  the  discharge  is  its 
oscillatory  character;  although  the  spark  be  practically 
instantaneous,  in  reality  it  occupies  a  finite  though  very 
small  time,  and  when  it  is  examined  by  a  revolving  mirror  it 
is  found  to  consist  of  a  series  of  discharges  alternately  in 
opposite  directions.  If  a  piece  of  paper  or  cardboard  be 
held  between  the  knobs  of  a  Wimshurst  so  as  to  allow 
the  spark  to  pierce  it,  it  makes  a  hole,  which,  instead  of 
being  indented  on  one  side  and  protuberant  on  the  other 
like  a  pin-prick,  is  protuberant  on  both  sides,  the  molecules 
having  apparently  oscillated  to  and  fro,  and  on  the  whole 
moved  outwards  in  both  directions. 


(B)  FORCE  EXERTED  ON  A  CONDUCTOR  CARRYING  A  CURRENT 
IN  A  MAGNETIC  FIELD. 

[To  be  read  after  Article  75.] 

It  has  been  shown  in  Articles  70  and  71  that  the 
intensity  of  the  magnetic  field  at  c  due  to  the  element 
ab  is  given  by 


i  =. 


the  direction  of  the  field  at  c  being  at  right  angles  to  the 
plane  abc. 
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If  we  denote  db  by  /,  oc  by  r,  and  the  angle  aoc  by  a,  then 

. C I  sin  a 

r2 

This  expression  for  the  intensity  of  the  magnetic  field  at 
c  gives  the  force  which  a  unit  north  pole  would  experience 
if  placed  at  that  point.  It  therefore  gives  the  force  which 
a  unit  north  pole  at  c  would  exert  on  the  element  db.  But 
the  strength  of  the  magnetic  field  at  0,  due  to  a  unit  north 
pole  at  c,  is  1/r2.  Hence  the  force  exerted  on  the  element 
db  in  a  magnetic  field  of  intensity  1/r2  is 

C.Zsina.  1/r2 

That  is,  in  a  field  of  intensity  H  the  force  exerted  on  the 
element  ab  of  the  conductor  AB  carrying  a  current  C  is 

C I  sin  a .  H         or        CH  I  sin  a 

and  the  direction  of  this  force  is  at  right  angles  to  the 
plane  determined  by  ab  and  the  direction  of  the  magnetic 
field  at  o. 

The  result  given  above  may  evidently  be  put  in  the 
following  simple  form.  The  product  H  I  sin  a  is  the  area 
of  a  parallelogram  whose  adjacent  sides,  inclined  at  an 
angle  «,  represent  H  and  I  respectively  in  magnitude  and 
direction.  Hence,  if  we  construct  a  parallelogram  whose 
adjacent  sides  represent  in  magnitude  and  direction  the 
intensity  of  the  magnetic  field  and  the  length  of  an 
element  of  the  conductor  carrying  a  current  C,  and  if  A 
denote  the  area  of  this  parallelogram,  then  the  force 
exerted  on  this  element  is  given  by  CA,  and  is  at  right 
angles  to  the  plane  of  the  parallelogram.  If  the  conductor 
is  straight  and  the  field  uniform  then  this  result  may  be 
applied  to  a  conductor  of  finite  length. 


(C)  MUTUAL  ACTION  OF  CURRENTS. 
[To  be  read  after  Article  75.] 

If  we  place  two  separate  spirals  of  wire  a  short  distance 
apart  with  their  axes  in  the  same  straight  line  and  pass 
currents  round  them,  then  (provided  they  have  suitable 
freedom  of  movement)  they  are  found  to  approach  or  recede 
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from  ono  another,  thus  indicating  respectively  attraction  or 
repulsion,  according  as  the  currents  circulate  round  them 


Repulsion.  Attraction.  Repulsion.          Attraction.         Attraction. 


Attraction.  Repulsion.  Attraction.  Repulsion. 

in  the  same  or  in  opposite  directions.     Bearing  in  mind 

that  the  current  renders  each  spiral  practically  a  magnet, 

and  also  the  fundamental  law 

of    electromagnetic    polarity,  ^ 

it  is  easy  to   see  that  these  i       *~-B 

actions  are  in  accordance  with 

the    laws   of    attraction   and 


respulion  between  two  mag- 


P 


nets. 

But  they  may  also  be  re- 
ferred directly  to  the  currents, 
in  fact,  seeing  that  a  circuit  of 
whatever  shape  carrying  a 
current  is  equivalent  to  a  mag- 
net, we  should  expect  a  pair 
of  such  in  general  to  attract  or  repel  each  other  according 
to  circumstances.  That  this  is  so  was  first  shown  experi- 
mentally by  Ampere,  who  demonstrated  in  the  case  of 
straight  circuits  the  following  laws  : — 

( 1 )  Two  PARALLEL  currents  attract  or  repel  one  another  accord- 

ing as  they  flow  in  the  same  or  in  opposite  directions. 

(2)  Two  NON-PARALLEL  currents  attract  one  another  if  loth 

approach  or  loth  recede  from  the  point  of  meeting  of 
their  directions  while  they  repel  one  another  if  one 
approach  and  the  other  recede  from  that  point* 
These  laws  are  illustrated  in  the  figures  above,  which  the 

*If  the  currents  be  not  in  the  same  plane  the  words    "point  of 
meeting  of  "  should  be  replaced  by  "  common  perpendicular  to." 
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student  should  carefully  study.  In  the  latter  the  vertical 
current  attracts  the  portion  AM  of  the  horizontal  one  and 
repels  the  portion  MB,  but  since  AM  is  longer  than  MB 
there  is,  on  the  whole,  attraction ;  if  M  were  the  middle 
point  of  AB  the  total  force  would  be  nil. 

The  experiments  whereby  Ampere's  laws  are  established 
merely  consist  in  having  two  circuits,  one  fixed  and  the 
other  moveable,  placing  them  in  various  relative  positions 
and  passing  currents  in  sundry  directions,  when  the 
moveable  circuit  is  observed  to  behave  in  accordance  with 
the  said  laws. 

A  striking  illustration  of  Ampere's  first  law  is  afforded 
by  Rogers  vibrating  spiral;  this  is  simply  a  fine  copper 
spiral  suspended  vertically  by  its  upper  end  from  a  fixed 
support,  and  with  its  lower  end  just  dipping  into  mer- 
cury ;  one  pole  of  a  battery  is  connected  to  the  support 
and  one  to  the  mercury,  and  when  the  current  is  passed 
the  spiral  vibrates  up  and  down.  The  reason  is  that 
the  coils  carrying  the  current  first  attract  one  another ;  this 
shortens  the  spiral,  causing  its  lower  end  to  leave  the 
mercury,  the  current  then  stops,  the  coils  cease  to  attract, 
and  the  lower  end  again  falls  into  the  mercury,  thus 
renewing  the  current  and  causing  the  movement  to 
repeat.  * 


(D)  EESISTANCE  OF  LIQUIDS. 
\_To  be  read  after  Article  .81.] 

Liquids  like  solids  offer  resistance  to  the  passage  of 
the  current.  The  amount  varies  greatly  with  the  nature 
of  the  liquid;  thus  turpentine,  paraffin,  and  pure  .water 
are  practically  insulators,  mercury  is  a  good  conductor, 
while  electrolytes,  e.g.,  a  solution  of  cupric  sulphate, 
conduct  fairly  well.  Moreover,  the  resistance  of  such 
solutions  is  found  in  general  to  depend  on  their  strength, 
diminishing  as  the  latter  increases,  up  to  a  certain  point, 
and  then  increasing  until  saturation  is  attained;  thus 
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in  the  case  of  sulphate  of  copper  the  least  resistance  is 
found  to  correspond  to  CuS04  4-  45  H20  and  in  that  of 
sulphate  of  zinc  to-ZnS04  -f  24  H20. 

The  specific  resistance  of  a  liquid,  like  that  of  a  solid,  is 
defined  as  the  resistance  of  a  " centimetre  cube"  thereof, 
that  is  a  cube  each  of  whose  edges  is  one  cm.  long,  it 
being  understood  that  the  current  flows  through  it  in  a 
direction  perpendicular  to  a  pair  of  opposite  faces.  Move- 
over,  as  in  the  case  of  solids,  if  8  denote  the  specific 
resistance  and  R  that  of  a  column  of  uniform  cross  section 
a  (of  any  shape)  and  length  I,  we  have 

E  =  Sl/a 

The  most  important  case  of  liquid  resistance  is  that  of 
an  electrolyte,  and  here  its  practical  measurement  is 
attended  with  difficulties  arising  from  the  back  E.  M.  F. 
which  generally  accompanies  electrolysis  and  which  renders 
most  of  the  methods  employed  for  metals,  e.g.,  the 
Wheatstone  Bridge,  inapplicable.  Moreover,  owing  to 
polarization,  this  back  E.  M.  F.  does  not  remain  constant  for 
an}'  length  of  time.  In  the  following  method  both  these 
difficulties  are  obviated  : — 

The  solution  is  contained  in  a  tall  cylindrical  jar  of 
known  internal  cross-section  a  square  centimetres  ;  at  the 
bottom  rests  a  platinum  electrode  just  fitting  the  jar  and 
connected  by  a  gutta-percha-covered  wire  to  one  of  the 
poles  of  an  external  battery ;  the  other  electrode  similarly 
connected  to  the  other  pole  is  also  of  platinum  and  of  the 
same  size  but  is  arranged  so  as  to  be  capable  of  sliding  up  find 
down  the  jar.  A  tangent  galvanometer  and  contact-breaker 
are  placed  in  the  circuit  between  one  of  the  electrodes  and 
the  corresponding  battery-pole. 

Now  let  E  denote  the  E.  M.  F.  of  the  battery,  E'  the  back 
E.  M.  F.  of  the  solution,  and  X  the  joint  resistance  of  the 
battery,  galvanometer,  and  connecting  wires,  all  these  being 
unknown.  Also  let  8  be  the  specific  resistance  of  the 
solution  which  it  is  our  object  to  determine.  To  do  this 
we  first  place  the  electrodes  a  distance  ^  centimetres 
(ascertained  by  measurement)  apart,  make  contact  and 

Maf  23 
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note  the  galvanometer-deflection  di  ;  if  k  denote  the  reduc- 
tion factor  of  the  instrument  we  have,  by  Ohm's  law,  etc., 

=  *  tan      ....!. 


We  next  change  the  distance  between  the  electrodes  to  a 
new  (measured)  value  12  and  note  the  deflection  d2,  the 
operation  being  performed  quickly  so  as  not  to  allow  time  for 
the  back  JS.  M.  F.  appreciably  to  alter.  We  then  have  in  like 
manner 


Lastly,  we  change  the  distance  to  a  third  value  /3,  again 
operating  quickly,  when  we  have 

....  (3). 


a 
Dividing  (2)  and  (3)  respectively  by  (1)  we  obtain 


from  which    two    equations  we   can    eliminate    X    and 
findS. 

Another  good  method  devised  by  Kohlrausch  is  a 
Wheatstone's  bridge  method.  The  liquid  may  be  placed 
in  a  jar  or  tube  fitted  with  electrodes  as  described  above. 
The  usual  connections  are  made,  but  the  secondary  of  an 
induction  coil  is  used  instead  of  a  battery,  and  a 
telephone  instead  of  a  galvanometer.  The  adjustment  is 
correct  when  the  buzzing  sound  heard  in  telephone,  due 
to  the  action  of  the  make  and  break  of  the  induction 
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coil,  is  reduced  to  zero  or  to  a  minimum.  The  resistance 
of  the  column  of  liquid  is  then  calculated  in  the  usual 
manner. 


(E)  SECONDARY  BATTERIES. 

\_To  be  read  after  Article  84.] 

Viewed  from  the  standpoint  of  energy,  the  principle 
of  any  voltaic  cell  is  that  we  take  certain  substances 
which  react  chemically  upon  one  another ;  during 
this  process  the  chemical  potential  energy  of  the 
system  diminishes,  and  the  equiavlent  of  the  loss  is 
obtained  as  electrical  energy,  which  ultimately  becomes 
all  heat  or  partly  heat  and  partly  mechanical  work 
according  as  the  external  circuit  consists  of  a  simple 
resistance  or  contains  some  kind  of  electromotor.  In  a 
voltameter  precisely  the  reverse  transformations  occur,  the 
salt  employed  is  made  to  undergo  decomposition,  whereby 
the  chemical  potential  energy  of  the  system  is  augmented, 
and  the  increase  is  furnished  at  the  expense  of  the 
electrical  energy  of  the  current  employed  to  effect  the 
electrolysis.  If  now,  the  latter  having  been  performed, 
the  external  current  be  taken  away  and  the  plates  of  the 
voltameter  connected  by  a  wire,  re-union  occurs  between 
the  materials  deposited  on  the  two  electrodes,  the  chemi- 
cal potential  energy  of  the  system  diminishes  and  the 
equivalent  of  the  loss  is  again  obtained  as  electrical 
energy ;  in  short  when  the  plates  of  a  voltameter  after 
electrolysis  are  connected  it  behaves  as  a  battery.  This  is  the 
principle  of  "secondary  batteries"  or  "accumulators" 
which  are  simply  commercial  forms  of  voltameter  used 
mainly  in  connexion  with  electric  lighting;  the  process 
of  performing  electrolysis  in  them  is  known  as  "  charging," 
while  when  subsequently  used  to  furnish  the  current  they 
are  said  to  be  "discharged."* 

The  pioneer  of  modern  accumulators  was  Grove's  gas- 
lattery.  It  consists  of  two  long  glass  tubes  open  at  the 

*  It  is  a  common  popular  notion  that  they  are  charged  with 
electricity.  Of  course  this  is  not  the  case  ;  what  they  are  really  charged 
with  is  chemical  potential  energy. 
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bottom  and  closed  at  the  top  with  brass  caps  having 
binding  screws  attached  ;  inside  each  tube  and  extending 
nearly  the  entire  length  thereof  is  a  platinum  plate 
attached  by  a  wire  to  the  brass  cap.  The  tubes  are  tilled 
with  very  dilute  sulphuric  acid  and  immersed  mouth 
downwards  in  a  vessel  of  the  same  liquid,  when  the 
"  battery  "  is  complete.  To  "  charge"  it  the  binding  screws 
are  connected  to  the  poles  of  an  external  battery  when 
electrolysis  occurs,  hydrogen  and  oxygen  accumulating  and 
being  partly  absorbed  or  "occluded"  by  the  platinum 
plates.  The  battery  is  then  removed  when  the  occluded 
gases  will  remain  for  a  considerable  time  without  escape, 
but  as  soon  as  the  plates  are  connected  the  gases 
reunite  and  the  battery  is  discharged.  This  instrument 
is,  however,  too  feeble  and  the  current  furnished  of  too 
short  duration  for  it  to  be  of  any  practical  value. 

It  should  be  noted  that  in  this  case  the  action  between 
the  materials  deposited  on  the  two  plates  takes  place 
through  the  string  of  intervening  molecules  of  liquid  in 
accordance  with  Grrotthiis's  theory  :  the  same  is  true  in 
the  accumulators  now  to  be  considered. 

In  all  accumulators  used  for  commercial  purposes  the 
plates  are  of  lead  and  the  electrolyte  is  moderately  dilute 
sulphuric  acid  (about  one  part  by  weight  of  H2S04  to  ten 
of  water)  ;  during  the  process  of  charging  the  kathode 
remains  in  the  metallic  state,  while  the  nascent  oxygen 
liberated  on  the  anode  causes  it  to  become  coated  with  a 
layer  of  plumbic  peroxide  Pb02.  After  discharge  both 
plates  are  found  to  be  coated  with  plumbic  sulphate 
(PbS04)  and  the  usually  received  view  of  the  action  taking 
place  during  discharge  is  that  here  set  forth  :  — 


Bef  ore  discharge  :  Pb    S04H2   S04H2   SOiH2   SOiH2  S04Hv   02Pb 


AfterdischargeiPbSOiHoSOi  H2SO»4    H-SOi     H2O      H20 

Although  the  foregoing  paragraph  sets  forth  the  general 
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action  of  accumulators  it  omits  several  details.  The 
earliest  accumulators  were  devised  by  Q-aston  Plante  in 
1860.  In  these  the  plates  prior  to  charging  were  two  sheets 
of  ordinary  lead  coiled  together,  but  prevented  from 
coming  into  actual  contact  by  a  layer  of  felt.  On  once 
passing  the  charging  current  the  +  plate  became  partly 
peroxidized  while  the  —  plate  remained  unchanged  and 
being  in  a  compact  form  was  during  discharge  not  at  all 
easily  attackable  by  the  S04  so  that  the  action  was  very 
poor.  To  remedy  this  the  charging  was  made  to  consist 
of  passing  the  current  a  great  number  of  times  in  alternate 
directions;  calling  now  the  original  anode  A  and  the 
original  kathode  B,  the  first  passage  peroxidizes  A  leaving 
B  unchanged,  the  second  peroxidizes  B  and  reduces  the 
portion  of  A  previously  peroxidized  to  metallic  lead  in  ct 
spongy  state,  the  third  passage  similarly  reduces  B  while 
it  peroxidizes  at  any  rate  some  of  the  hitherto  unattacked 
portions  of  A,  and  so  on  until  eventually  one  of  the  plates 
contains  a  thick  coating  of  the  peroxide  while  the  other 
consists  largely  of  spongy  metallic  lead,  and  since  this  is 
more  easily  attacked  than  the  compact  sheet  the  dis- 
charging action  is  much  more  efficient.  The  process  of 
charging  the  Plante  cells  was,  however,  very  tedious,  and 
to  obviate  this  Fauri  in  1881  improved  upon  them  by 
coating  the  plates  to  begin  with  with  a  layer  of  red-lead 
(Pb304) ;  on  charging,  the  red  lead  on  the  kathode  became 
quickly  reduced  to  spongy  metal,  while  that  on  the  anode 
was  peroxidized.  In  this  way  much  time  was  saved. 
In  the  more  recent  Sillon-Volckmar  cells  the  plates  are 
made  in  the  form  of  a  grid,  the  hollows  being  filled  with  a 
paste  of  red  lead;  in  this  way  they  become  more  cohesive 
and  less  liable  to  fall  to  pieces.  Both  the  Fauri  and 
Sillon-Volckmar  plates  are  usually  made  flat  and  arranged 
in  "  nests,"  the  positive  and  negative  nests  locking  into 
one  another,  while  electrically  separated  by  strips  of  wood 
or  indiarubber. 

After  any  form  of  accumulator  has  been  discharged  it 
can  be  charged  again  by  passing  a  current  from  an  external 
source ;  the  sulphuric  acid  thus  becomes  electrolysed,  the 
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nascent  oxygen  on  the  anode  converts  the  PbS04  into  Pb02 
according  to  the  equation 

PbS04  +  0  -f  H20  =  Pb02  -|-  H2S04 

while  the  nascent  hydrogen  on  the  kathode  reduces  the 
PbS04  to  the  spongy  metallic  state  thus 

PbS04  +  H2  =  H2S04  +  Pb. 

The  great  advantages  of  secondary  over  primary 
batteries  are  (i)  their  low  internal  resistance,  which  is  only 
about  '02  ohm  persquare  foot  of  plate,  and  (ii)  no  appreci- 
able action  takes  place  in  them  when  their  terminals  are 
unconnected.  Their  E.  M.  F.  is  about  2  volts  per  cell. 


(F)  CALCULATION  OF  THE  E.M.F. 

[To  be  read  after  Article  85.] 

In  a  voltaic  cell  the  chemical  reactions  are  essentially  of 
an  exothermic  nature,  that  is,  they  are  such  as  to  produce 
under  ordinary  circumstances,  an  evolution  of  energy  in 
the  form  of  heat.  In  a  voltaic  cell  this  energy  is  not 
evolved  as  heat,  but  the  electrical  energy  evolved  is  the 
equivalent  of  this  heat  energy.  In  a  voltameter  the 
chemical  reactions  are  of  an  endothermic  nature,  that  is, 
they  are  usually  accompanied  by  an  absorption  of  heat 
energy,  and  the  presence  of  a  voltameter  in  a  circuit  there- 
fore means  the  absorption  of  an  amount  of  electrical  energy 
from  the  circuit  equivalent  to  this  heat  energy.  From 
these  considerations  the  E.  M.  F.  of  a  given  voltaic  cell  or  the 
back  E.  M.  F.  in  a  voltameter  can  be  calculated  if  the 
necessary  data  are  known.  Thus  if  in  a  voltaic  cell  h 
gram-degrees  of  heat  are  evolved  by  the  total  chemical 
action  which  takes  place  when  one  gram  of  the  negative 
element  of  the  cell  is  dissolved,  then  Jh  denotes  the  energy 
evolved  in  ergs,  J  being  Joule's  mechanical  equivalent  of 
heat  in  ergs  per  gram-degree.  But  if  E  denote  the 
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required  E.  M.  F.  of  the  cell  in  volts,  and  iv  the  electro- 
chemical equivalent  of  the  negative  element  in  grams, 
then  E/w  denotes  in  Joules  the  energy  evolved  per  grain  of 
the  negative  element.  Hence 

JA  =  E/«>  X  107 
-p       Jhw 

E  =  -HF 

in  volts,  or  as  J  =  4'2  X  107. 

E=:  4-2  kw. 

For  example,  in  a  Daniell's  cell  k  =  770  gram-degrees, 
roughly,  per  gram,  of  zinc  dissolved. 

Therefore    E  =  4-2  x  770  X  '000,328  volts; 
or     E  =  1*06  volts  (approximately). 

Similarly  in  the  case  of  a  water  voltameter  h  is  about 
35,000  gram-degrees  per  gram  of  hydrogen  evolved,  and 
therefore 

e  —  4-2  X  35,000  X  '00001038  volts; 

that  is         e  =  I'd  volts  (approximately). 


(Q-)  COEFFICIENT  OF  SELF-INDUCTION. 
[To  be  read  after  Article  91.] 

When  a  current  flows  through  a  coil  it  produces  a  flow 
of  magnetic  force  through  the  coil.  This  flow  of  force 
is  proportional  to  the  current  when  the  surrounding 
medium  is  non-magnetic.  In  this  case  if  F  denotes  the 
flow  of  force  through  the  coil  and  C  the  current  in  the  coil 
then 

F  =  LO 

where  L  is  a  constant.     This  constant  is  the  co-efficient  of 
self-induction  of  the  coil. 
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If  the  surrounding  medium  is  magnetic  then  L  is  not  a 
constant,  but  depends  upon  the  permeability  of  the  medium 
and  therefore  varies  with  0. 

When  F  varies  on  account  of  the  variation  of  C  then 
we  evidently  have  the  relation 

dF         dC      ,       .       -p,      T  dC 
W=^dt    thatls'    E  =  L^ 

This  relation  supplies  another  definition  of  L  and  shows 
that  the  induced  electromotive  force  is  proportional  to  the 
rate  of  change  of  the  current  in  the  coil. 
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1.  Let  OA  be  fixed,  and  let  the  revolving  line  OP  describe  a  circle 
around  0.  Draw  PM  always  perpendicular  to  AA' .  Then,  giving 
PM,  OM  their  proper  signs  in  accordance  with  the  usual  convention, 
and  taking  OP  always  positive, 


Bin  AOP  = 


PM 


COS  AOP  = 


tan^oz.  =  ff, 

OP 
aecAOP  =  — — , 


OM 
OP' 


=  9K 


cosec^OP  =  ||. 


•4- 


A  Definition  must  be  written  as  above,  but  it  is  useful  to  remember 
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that,  in  a  right-angled  triangle  (see  Fig.), 

sin  0  = 


hyp.  ' 

base 
hyp/ 


base. 


, 

base 


the  perpendicular  being  the  side  opposite  the  angle  taken. 
2.  Since 


™L  =  ™  OP  -  PM  .  OM 

OM      OP  '  OM      'OP  ''    OP' 


we  get 


tan  A  OP  = 


sin  AOP 


COSAOP 

3.  By  Euclid  I.,  47,     PM*  +  OM*  =  OP*  ; 


or,  as  it  is  generally  written, 


4.  If  OP  be  taken  of  any  other  length,  say  OP,  the  lengths  of  OP', 
P'M't  OM'  will  be  different  from  those  of  OP,  PM,  OM,  but  the 


M. 


Mf 


APPENDIX    ON   TRIGONOMETRY. 


363 


respectively.  For.  since  the  triangles  PMO  and  P'M'O'  are  equi- 
angular, the  sides  about  the  equal  angles  will  be  proportional  (by 
Euclid  VI.,  4). 

PM'  =  PM 

OF  ~  OP 


Hence 


sin^OP, 


PM 
OM 


PM 
OM 


=  tan  A  OP. 


Therefore  the  trigonometrical  ratios  of  an  angle  only  depend  on  the 
magnitude  of  the  angle. 


5.  Positive  and  negative  trigonometrical  ratios. 

Imagine  the  line  OP  to  start  from  the  position  OPl  along  04,  and 
to  revolve  about  0  so  as  to  occupy  successively  the  positions  OP*,  OP3, 
OP4,  0P6.  Then  M,  the  foot  of  the  perpendicular  from  P  on  OA, 


Ps  M4  0  Mn   P     A 

starts  from  Plf  and  travels  to  the  left  so  as  to  coincide  with  0  when 
/  AOP  =  90°,  and  to  coincide  with  P5  when  OPhas  revolved  through 
an  angle  of  180°.  As  long  as  M  lies  to  the  right  of  0,  OM  is  con- 
sidered positive  ;  but  when  M  lies  to  the  left  of  0  (i.e.,  when 
L  ^46>P>90°),  OM  is  considered  negative.  PMis  considered  positive 
throughout  the  whole  change  of  position  of  OP  from  OPl  to  6>P5. 

Therefore,  for  angles  between  0°  and  90°,  the  sine  and  cosine 
are  "both  positive ;  while  for  angles  between  9O°  and  18O°,  the 
sine  is  positive  and  the  cosine  is  negative. 
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6.  To  find  the  trigonometrical  ratios  for  an  angle  of  3O°. 

Draw  an  equilateral  triangle  ABC. 

Join  A  to  D,  the  middle  point  of  BC. 

Then  the  triangles  ABD,  ACD  are 
equal  in  every  respect. 

Every  angle  of  the  equilateral  tri- 
angle =  60°,  because  the  three  angles 
together  =  two  right  angles  =  180°. 

.-.      L  BAD  =  30°,  and  BDA  =  90°. 

Now  let  each  side  of  the  equilateral 
triangle  =  2^  ; 

.-.    BD  =  a,    and     AD-  +  BD-  =  A&, 
AD*  =  AB--BD2  =  la--  a-  =  3a* 


cos  30°  = 


tan  30°  = 


AS         2a 

AD 
BD 

AJ) 


I 
V3' 


7.  To  find  the  trigonometrical  ratios  for  an  angle  of  45°. 
Draw  a  square  A  BCD,  and  draw  the  diagonal  AC. 

Then  /  CA  B  =  \  right  angle  =  45°, 

L  CBA  =  right  angle. 

And  if  AS  =  BC  -  a,   AC*  =  AJP  +  AC*  =  20s,    .-.  AC 
therefore 

sin  45°  =  —  =  — ,    cos  45C  -  —  =  — ,    tan  45°  =  ^£  ^  1. 
u4£       V2  ^6'       V2  -^-^ 
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8.  To  find  the  trigonometrical  ratios  for  an  angle  of  6O°. 
Take  the  figure  of  §  6.    Then  L  B  =  60°.     Therefore 


The  trigonometrical  ratios  for  these  angles  are  given  in  the  follow 
ing  table,  which  should  le  remembered. 


Angle       0°        30°       45°       60°       90° 

sin  = 

0 

1 
2 

I 

A/2 

A/3 

2 

1 

cos  = 

1 

A/3 

2 

1 

A/2 

1 
2 

0 

tan  = 

0 

1 

1 

A/3 

oo 

A/3 

If  there  bo  any  difficulty  in  fixing  these  in  the  memory,  it  may  be 
noticed  that,  for  the  common  angles  0°,  80°,  46°,  60°,  90°,  the  sine« 
are  tho  square  roots  of 

01234. 

!'  T'  T'  T'  T' 

the  cosines  are  the  square  roots  of 


and  the  tangents  are  the  square  roots  of  the  first  series  of  numerators 
divided  by  the  corresponding  numerators  of  the  second  series. 

In  any  case,  note  that  the  scries  of  values  of  the  cosines  is  the  same 
as  the  series  for  sines  written  backward ;  and  each  tangent  is  the 
corresponding  sine  -f-  cosine. 

9.  Trigonometrical  ratios  of  angles  between  9O°  and 
18O°. 


In  the  fig.  of  §  5,  let 
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then  £AOP4=18Q°-A. 

.-.     sin  (180°--4)  =  ^1  =  -*~- 
OP4        OP.2 


Similarly,        tan  (180°-^)  =  -tan  A. 

Hence         sin  120°  =  sin  (180°-60°)  =  sin  60°  =  ~J*, 

and  cos  120°  =  cos  (180°- 60°)  =  -cos  60°  =  -  — . 

Similarly  for  the  trigonometrical  ratios  of  angles  of  135°  and  150°. 


10.  Magnitude  of  the  resultant  of  two  forces. 

Let  OA,  OB  represent  the 
two  forces  P  and  Q  in  mag- 
nitude and  direction. 

Complete  the  parallelo- 
gram OA  CB ;  then  OC  will 
represent  the  resultant  R  in 
magnitude  and  direction. 

Draw  CM  perpendicular 
to  OB. 

Then 

OH  = OB  +  BM 
in  all  cases,  whether  M  falls 
within  or  without  OB.  In 
the  case  when  M  falls  outside 
OB  this  is  obvious.  When 
M  lies  between  0  and  Bt  we 
have 

OM  =  OB- MB; 

and,  remembering  that  lines  measured  in  opposite  directions  have 
opposite  signs,  we  see  that     MB  =  —  BM. 
Hence  OM=  OB  +  BM 

in  this  case  also. 


M 
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By  Euclid  I.,  47, 

0(T-=  OMt+CW^W 

s  01P  +  B&+WB  .BM. 
But  BC=OA  =  P 


BM  =  EC.  —  =  BCcos  CS3f=BCcoBAOB. 
11  G 

Hence,  if  a  is  the  angle  between  the  two  given  forces, 

.  Q  cos  a. 


Putting  a  equal  to  0°,  30°,  &c.,  successively,  we  get  the  results  of 
examples. 


11.  To  resolve  a  force  into  two  components  respectively 
parallel  and  perpendicular  to  a  given  line. 


Let  OP  represent  the      Q, 
given  force,  OA  the  given 
straight  line ;  and  let 


Draw  PM  perpendicular      Q~~  jVf 

to  OA,  and  complete  the 

rectangle  QM.    Then  OQ  and  OH  represent  the  two  components. 


and  OQ  =  PM=OP.-—=  OP  Bin  a. 

Hence,  if  P  be  a  given  force,  its  component  parallel  to  a  line  making 
an  angle  a  with  it  is  Pcoso,  and  its  component  perpendicular  to  that 
line  is  Psina. 

By  the  help  of  the  results  given  in  §  8,  we  may  thus  obtain  the 
results  of  Examples 
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12.  The  sides  of  a  triangle  are  proportional  to  the  sines  of  the 
opposite  angles. 

One  of  the  angles  of  triangle,  say  B,  will  be  acute.     C'may  then  be 
acute,  obtuse,  or  right. 


Fig.  3. 


Draw  AD  perpendicular  to  the  base,  or  base  produced. 
Then,  in  all  cases,  if  B  be  acute,   AD  =  AB  sin  B  =  c  sin  B. 
If  C be  acute  (Fig.  1),    AD  =  ACsinC=bamC. 
If  C  be  obtuse  (Fig.  2), 

AD  =  ACsinACD  =  b  sin  (180°-  C]  =  b  sin  C. 
If  C' be  right  (Fig.  3), 

AD  =  AC=  ACs'mC  (since  sin  C  =  sin  90°=  1)  = 
Hence,  in  each  case,       c  sin  B  =  b  sin  C 

sin  B      sin  C      sin  A    , 
.'.     —7—  =  -j-  = ,  by  symmetry. 


EESULTS    IN    MENSURATION. 


IT  is  necessary  for  the  student  of  Magnetism  and  Electricity  to  be 
acquainted  with  the  following  facts  in  Mensuration.  For  proofs  of 
them,  we  must  refer  to  any  treatise  on  Elementary  Solid  Geometry, 
such  as  Wilson's,  or  to  the  Appendix  at  the  end  of  Casey's  Euclid. 

(1)  The  length  of  the  -whole  circumference  of  a  circle  is 
2irr,  where  r  =  radius  of  a  circle,  and  TT  is  an  "  incommensurable  " 
number— that  is,  a  number  which  cannot  be  exactly  expressed, 
either  as  a  vulgar  fraction  or  as  a  decimal,  with  a  finite  number 
of  significant  figures.      The  value  of  TT  lies  between  3-141592  and 
3-141593.    The  value  3-1416  is  sufficiently  accurate  for  all  practical 
purposes,  and  for  most  purposes  the  value  22/7  may  be  used 

(2)  The  area  enclosed  by  a  circle  is  irr2. 

(3)  The  volume  of  a  sphere  is  |irr*. 

(4)  The  area  of  the  surface  of  a  sphere  is  4-nr2. 

(5)  The  volume  of  a  cylinder  is  irr2A,  r  being  the  radius  of 
the  base,  and  h  the  height  of  the  cylinder. 

(6)  The  area  of  the  curved  surface  of  a  cylinder  is  2irr&. 
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EXAMPLES  I.  (pages  27.  28). 

6.  1  dyne.  7.  1  dyne  parallel  to  AB. 

8.  J^JQ  dyne.  9.  —  dyne. 

10.  2v/2  :  3^/3.  11.  14-4°. 

12.  3\/3  j^2  dynes,  where  q  denotes  the  magnitude  of  each  of 
the  equal  charges,  and  a  the  side  of  the  hexagonal  base  in  cms. 

EXAMPLES  II.  (pages  98—300). 
9.  5. 


in  -  11 

'•  '  L'  40* 


12.  10  cm.  and  12  cm.  13.  25  :  189. 

14.25:24.  13.1^,1. 

20.  The  jar  retains  $  of  its  charge,  and  the  final  potential  of 
both  jars  is  £  of  the  initial  potential  of  the  first  charged  jar. 

22.  1  dyne  and  1^  dyne  for  charges  of  the  same  sign,  1  dyne 
and  T<k  dyne  for  charges  of  opposite  sign. 
3.  108  :  36, 
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EXAMPLES  IIL  (page  184). 

7.  2500^2  :  3249.  8.  1080  C.G.S.  unita 

9.  (7-5)2 :  (8-3)2 :  (10'4)2.  10.  9-31. 

EXAMPLES  IV.  (pages  319—321). 

11.  1-72  ampere;  5-16  volts.  12.  6-337  ohms. 

13.  Deflection  is  practically  unchanged.     See  Art.  79. 

14.  H  ampere,  ^  ampere,  ^  ampere.  15.  166|  divisions. 
16.  '5  ampere,  -1585  ampere.                    17.  39  :  20. 

1 8.  37  ohms.  19.  f  ampere. 

20.  (a)  If  amperes,  (&)  l$g  amperes,  (0)  $  ampere. 

21.  2-1.  22.  £3*$  ampere,  ^  ampere,  jfo  ampere. 

24.  H.  =  '0154  gram  ;  HaS04  =  -7546  gram;  Pb  =  1-5923  grams ; 
Cu  =  -1884  gram ;  Ag  =  1-6615  grams.     Current  =  -83075  ampere. 

25.  1395  units  of  beat. 

27.  '317  gram  Cu,  1*08  grams  Ag ;  -634  gram  Cu,  2*16  grams  Ag. 

28.  225  :  4  (inside)  ;  25  :  12  (outside). 

29.  The  current  in  each  case  is  -5  ampere.     One-half  as  much 
zinc  is  consumed  in  case  (&)  as  in  (a)  in  the  same  time. 

02  a  20. 

30.  Y> —  units  of  work »  jTp — ~2  units  of  heat. 

31.  2-016  grama  32.  20  units  of  heat. 
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